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(57) Abstract 

A multi-rate speech codec supports a plurality of encoding bit rate modes by adaptively selecting encoding bit rate modes to match 
communication channel restrictions. In higher bit rate encoding modes, an accurate representation of speech through CELP (code excited 
linear prediction) and other associated modeling parameters are generated for higher quality decoding and reproduction. To achieve high 
quality in lower bit rate encoding modes, the speech encoder departs from the strict waveform matching criteria of regular CELP coders 
and strives to identify significant perceptual features of the input signal. The encoder generates pluralities of codevectors from a single, 
normalized codevector by shifting or other rearrangement As a result, searching speeds are enhanced, and the physical size of a codebook 
built from such codevectors is greatly reduced. 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

LOW COMPLEXITY RANDOM CODEBOOK STRUCTURE 

SPECIFICATION 

L Cross-Reference To Related Applications 

The present application is based on U.S. Patent Application Ser. No. 09/156,648, filed 
September 18, 1998. This application is based on Provisional Application Serial No. 
60/097,569, filed on August 24, 1998. All of such applications are hereby incorporated 
herein by reference in their entirety and made part of the present application. 

Incorporation By Reference 

The following applications are hereby incorporated herein by reference in their 
entirety and made part of the present application: 

1) U.S. Provisional Application Serial No. 60/097,569 (Attorney Docket No. 
98RSS325), filed August 24, 1998; 

2) U.S. Patent Application Serial No. 09/156,648 (Attorney Docket 
No. 98RSS228), filed September 18, 1998; 

. 3) U.S. Patent Application Serial No. 09/156,832 (Attorney Docket 
No. 97RSS039), filed September 18, 1998; 

4) U.S. Patent Application Serial No. 09/156,814 (Attorney Docket 
No. 98RSS365), filed September 1 8, 1998; 

5) U.S. Patent Application Serial No. 09/154,662 (Attorney Docket 
No. 98RSS383), filed September 18, 1998; 

6) U.S. Patent Application Serial No. 09/156,826 (Attorney Docket 
No. 98RSS382), filed September 18, 1998; 
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7) U.S. Patent Application Serial No. 09/198,414 (Attorney Docket 
No. 97RSS039CIP), filed November 24, 1998; 

8) U.S. Patent Application Serial No. 09/154,657 (Attorney Docket 
No. 98RSS328), filed September 18, 1998; 

9) U.S. Patent Application Serial No. 09/156,649 (Attorney Docket No. 95E020) 
filed September 18, 1998; 

10) U.S. Patent Application Serial No. 09/154,654 (Attorney Docket 
No. 98RSS344), filed September 18, 1998; 

11) U.S. Patent Application Serial No. 09/154,653 (Attorney Docket 
No. 98RSS406), filed September 18, 1998; 

12) U.S. Patent Application Serial No. 09/156,650 (Attorney Docket 
No. 98RSS343), filed September 1 8, 1998; 

13) U.S. Patent Application Serial No. 09/154,675 (Attorney Docket 
No. 97RSS383), filed September 18, 1998; 

14) U.S. Patent Application Serial No. 09/154,660 (Attorney Docket 
No. 98RSS384), filed September 18, 1998. 
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SPECIFICATION 

BACKGROU ND OF THF INVENTION 

1. Technical Field 

The present invention relates generally to speech encoding and decoding in voice 
communication systems; and, more particularly, it relates to various techniques used with 
code-excited linear prediction coding to obtain high quality speech reproduction through a 
limited bit rate communication channel. 
1 Related Art 

Signal modeling and parameter estimation play significant roles in communicating 
voice information with limited bandwidth constraints. To model basic speech sounds, speech 
signals are sampled as a discrete waveform to be digitally processed. In one type of signal 
coding technique called LPC (linear predictive coding), the signal value at any particular time 
index is modeled as a linear function of previous values. A subsequent signal is thus linearly 
predictable according to an earlier value. As a result, efficient signal representations can be 
determined by estimating and applying certain prediction parameters to represent the signal 

Applying LPC techniques, a conventional source encoder operates on speech signals 
to extract modeling and parameter information for communication to a conventional source 
decoder via a communication channel. Once received, the decoder attempts to reconstruct a 
counterpart signal for playback that sounds to a human ear like the original speech. 

A certain amount of communication channel bandwidth is required to communicate 
the modeling and parameter information to the decoder. In embodiments, for example where 
the channel bandwidth is shared and real-time reconstruction is necessary, a reduction in the 
required bandwidth proves beneficial. However, using conventional modeling techniques, 
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the quality requirements in the reproduced speech limit the reduction of such bandwidth . 
below certain levels. 

Speech encoding becomes increasingly difficult as transmission bit rates decrease. 
Particularly for noise encoding, perceptual quality diminishes significantly at lower bit rates. 
Straightforward code-excited linear prediction (CELP) is used in many speech codecs, and it 
can be very effective method of encoding speech at relatively high transmission rates. 
However, even this method may fail to provide perceptually accurate signal reproduction at 
lower bit rates. One such reason is that the pulse like excitation for noise signals becomes 
more sparse at these lower bit rates as less bits are available for coding and transmission, 
thereby resulting in annoying distortion of the noise signal upon reproduction. 

Many communication systems operate at bit rates that vary with any number of 
factors including total traffic on the communication system. For such variable rate 
communication systems, the inability to detect low bit rates and to handle the coding of noise 
at those lower bit rates in an effective manner often can result in perceptually inaccurate 
reproduction of the speech signal. This inaccurate reproduction could be avoided if a more 
effective method for encoding noise at those low bit rates were identified. 

Additionally, the inability to determine the optimal encoding mode for a given noise 
signal at a given bit rate also results in an inefficient use of encoding resources. For a given 
speech signal having a particular noise component, the ability to selectively apply an optimal 
coding scheme at a given bit rate would provide more efficient use of an encoder processing 
circuit Moreover, the ability to select the optimal encoding mode for type of noise signal 
would further maximize the available encoding resources while providing a more 
perceptually accurate reproduction of the noise signal. 
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SUMMARY OF THE INVENTION 

A random codebook is implemented utilizing overlap in order to reduce storage space. 
This arrangement necessitates reference to a table or other index that lists the energies for 
each codebook vector. Accordingly, the table or other index, and the respective energy 
values, must be stored, thereby adding computational and storage complexity to such a 
system. 

The present invention re-uses each table codevector entry in a random table with "L" 
codevectors, each of dimension "N." That is, for example, an exemplary codebook contains 
code vectors Vo, V| f . . . t V L , with each codevector V x being of dimension N, and having bits 
Co, Ci, ... , Cn-u Cn. Each codevector of dimension N is normalized to an energy value of 
unity, thereby reducing computational complexity to a minimum. 

Each codebook entry essentially acts as a circular buffer whereby N different random 
codebook vectors are generated by specifying a starting point at each different bit in a given 
codevector. Each of the different N codevectors then has unity energy. 

The dimension of each table entry is identical to the dimension of the required random 
codevector and every element in a particular table entry will be in any codevector derived 
from this table entry. This arrangement dramatically reduces the necessary storage capacity 
of a given system, while maintaining minimal computational complexity. 

Other aspects, advantages and novel features of the present invention will become 
apparent from the following detailed description of the invention when considered in 
conjunction with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. la is a schematic block diagram of a speech communication system illustrating 
the use of source encoding and decoding in accordance with the present invention. 

Fig. lb is a schematic block diagram illustrating an exemplary communication device 
utilizing the source encoding and decoding functionality of Fig. la. 

Figs. 2-4 are functional block diagrams illustrating a multi-step encoding approach 
used by one embodiment of the speech encoder illustrated in Figs, la and lb. In particular, 
Fig. 2 is a functional block diagram illustrating of a first stage of operations performed by 
one embodiment of the speech encoder of Figs. 1 a and lb. Fig. 3 is a functional block 
diagram of a second stage of operations, while Fig. 4 illustrates a third stage. 

Fig. 5 is a block diagram of one embodiment of the speech decoder shown in Figs, la 
and lb having corresponding functionality to that illustrated in Figs. 2-4. 

Fig. 6 is a block diagram of an alternate embodiment of a speech encoder that is built 
in accordance with the present invention. 

Fig. 7 is a block diagram of an embodiment of a speech decoder having corresponding 
functionality to that of the speech encoder of Fig. 6. 

Fig. 8 is a block diagram of the low complexity codebook structure in accordance 
with (he present invention. 

Figure 9 is a block diagram of the low complexity codebook structure of the present 
invention that demonstrates that the table entries can be shifted in increments of two or more 
entries at a time. 

Figure 10 is a block diagram of the low complexity codebook of the present invention 
that demonstrates that the given codevectors can be pseudo-randomly repopulated with 
entries 0 through N. 
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Detailed Description 

Fig. la is a schematic block diagram of a speech communication system illustrating 
the use of source encoding and decoding in accordance with the present invention. Therein, a 
speech communication system 100 supports communication and reproduction of speech 
across a communication channel 103. Although it may comprise for example a wire, fiber or 
optical link, the communication channel 103 typically comprises, at least in part, a radio 
frequency link that often must support multiple, simultaneous speech exchanges requiring 
shared bandwidth resources such as may be found with cellular telephony embodiments. 

Although not shown, a storage device may be coupled to the communication channel 
103 to temporarily store speech information for delayed reproduction or playback, e.g., to 
perform answering machine functionality, voiced email, etc. Likewise, the communication 
channel 103 might be replaced by such a storage device in a single device embodiment of the 
communication system 100 that, for example, merely records and stores speech for 
subsequent playback. 

In particular, a microphone 1 1 1 produces a speech signal in real time. The . 
microphone 1 1 1 delivers the speech signal to an A/D (analog to digital) converter 115. The 
A/D converter 1 15 converts the speech signal to a digital form then delivers the digitized 
speech signal to a speech encoder 117. 

The speech encoder 1 17 encodes the digitized speech by using a selected one of a 
plurality of encoding modes. Each of the plurality of encoding modes utilizes particular 
techniques that attempt to optimize quality of resultant reproduced speech. While operating 
in any of the plurality of modes, the speech encoder 117 produces a series of modeling and 
parameter information (hereinafter "speech indices"), and delivers the speech indices to a 
channel encoder 119. 
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The channel encoder 1 1 9 coordinates with a channel decoder 1 3 1 to deliver the 
speech indices across the communication channel 103. The channel decoder 131 forwards 
the speech indices to a speech decoder 133. While operating in a mode that corresponds to 
that of the speech encoder 1 17, the speech decoder 133 attempts to recreate the original 
speech from the speech indices as accurately as possible at a speaker 137 via a D/A (digital to 
analog) converter 135. 

The speech encoder 1 1 7 adaptively selects one of the plurality of operating modes 
based on the data rate restrictions through the communication channel 103. The 
communication channel 103 comprises a bandwidth allocation between the channel encoder 
1 19 and the channel decoder 131. The allocation is established, for example, by telephone 
switching networks wherein many such channels are allocated and reallocated as need arises. 
In one such embodiment, either a 22.8 kbps (kilobits per second) channel bandwidth, i.e., a 
full rate channel, or a 1 1 .4 kbps channel bandwidth, i.e., a half rate channel, may be allocated. 

With the full rate channel bandwidth allocation, the speech encoder 117 may 
adaptively select an encoding mode that supports a bit rate of 1 1.0, 8.0, 6.65 or 5.8 kbps. The 
speech encoder 117 adaptively selects an either 8.0, 6.65, 5.8 or 4.5 kbps encoding bit rate 
mode when only the half rate channel has been allocated. Of course these encoding bit rates 
and the aforementioned channel allocations are only representative of the present 
embodiment. Other variations to meet the goals of alternate embodiments are contemplated. 

With either the full or half rate allocation, the speech encoder 1 1 7 attempts to 
communicate using the highest encoding bit rate mode that the allocated channel will support. 
If the allocated channel is or becomes noisy or otherwise restrictive to the highest or higher 
encoding bit rates, the speech encoder 117 adapts by selecting a lower bit rate encoding 
mode. Similarly, when the communication channel 103 becomes more favorable, the speech 
encoder 1 17 adapts by switching to a higher bit rate encoding mode. 
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With lower bit rate encoding, the speeclvencoder 1 17 incorporates various techniques 
to generate better low bit rate speech reproduction. Many of the techniques applied are based 
on characteristics of the speech itself. For example, with lower bit rate encoding, the speech 
encoder 1 1 7 classifies noise, unvoiced speech, and voiced speech so that an appropriate 
modeling scheme corresponding to a particular classification can be selected and 
implemented. Thus, the speech encoder 117 adaptively selects from among a plurality of 
modeling schemes those most suited for the current speech. The speech encoder 1 17 also 
applies various other techniques to optimize the modeling as set forth in more detail below. 

Fig. lb is a schematic block diagram illustrating several variations of an exemplary 
communication device employing the functionality of Fig. la. A communication device 151 
comprises both a speech encoder and decoder for simultaneous capture and reproduction of 
speech. Typically within a single housing, the communication device 1 SI might, for 
example, comprise a cellular telephone, portable telephone, computing system, etc. 
Alternatively, with some modification to include for example a memory element to store 
encoded speech information the communication device 151 might comprise an answering 
machine, a recorder, voice mail system, etc. 

A microphone 155 and an A/D converter 157 coordinate to deliver a digital voice 
signal to an encoding system 159. The encoding system 159 performs speech and channel 
encoding and delivers resultant speech information to the channel. The delivered speech 
information may be destined for another communication device ( not shown) at a remote 
location. 

As speech information is received, a decoding system 165 performs channel and 
speech decoding then coordinates with a D/A converter 167 and a speaker 169 to reproduce 
something that sounds like the originally captured speech. 
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The encoding system 1 59 comprises both a speech processing circuit 1 85 that 
performs speech encoding, and a channel processing circuit 187 that performs channel 
encoding. Similarly, the decoding system 165 comprises a speech processing circuit 189 that 
performs speech decoding, and a channel processing circuit 191 that performs channel 
decoding. 

Although the speech processing circuit 185 and the channel processing circuit 187 are 
separately illustrated, they might be combined in part or in total into a single unit For 
example, the speech processing circuit 185 and the channel processing circuitry 187 might 
share a single DSP (digital signal processor) and/or other processing circuitry. Similarly, the 
speech processing circuit 189 and the channel processing circuit 191 might be entirely 
separate or combined in part or in whole. Moreover, combinations in whole or in part might 
be applied to the speech processing circuits 185 and 189, the channel processing circuits 187 
and 191, the processing circuits 185, 187, 189 and 191, or otherwise. 

The encoding system 159 and the decoding system 165 both utilize a memory 161. 
The speech processing circuit 185 utilizes a fixed codebook 181 and an adaptive codebook 
183 of a speech memory 177 in the source encoding process. The channel processing circuit 
187 utilizes a channel memory 175 to perform channel encoding. Similarly, the speech 
processing circuit 189 utilizes the fixed codebook 181 and the adaptive codebook 183 in the 
source decoding process. The channel processing circuit 187 utilizes the channel memory 
1 75 to perform channel decoding. 

Although the speech memory 177 is shared as illustrated, separate copies thereof can 
be assigned for the processing circuits 185 and 189. Likewise, separate channel memory can 
be allocated to both the processing circuits 187 and 191. The memory 161 also contains 
software utilized by the processing circuits 185,187,189 and 191 to perform various 
functionality required in the source and channel encoding and decoding processes. 
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Figs. 2-4 are functional block diagrams illustrating a multi-step encoding approach ■ 
used by one embodiment of the speech encoder illustrated in Figs, la and lb. In particular, 
Fig. 2 is a functional block diagram illustrating of a first stage of operations performed by 
one embodiment of the speech encoder shown in Figs, la and lb. The speech encoder, which 
comprises encoder processing circuitry, typically operates pursuant to software instruction 
carrying out the following functionality. 

At a block 215, source encoder processing circuitry performs high pass filtering of a 
speech signal 21 1. The filter uses a cutoff frequency of around 80 Hz to remove, for 
example, 60 Hz power line noise and other lower frequency signals. After such filtering, the 
source encoder processing circuitry applies a perceptual weighting filter as represented by a 
block 219. The perceptual weighting filter operates to emphasize the valley areas of the* 
filtered speech signal. 

If the encoder processing circuitry selects operation in a pitch preprocessing (PP) 
mode as indicated at a control block 245, a pitch preprocessing operation is performed on the • 
weighted speech signal at a block 225. the pitch preprocessing operation involves warping 
the weighted speech signal to match interpolated pitch values that will be generated by the 
decoder processing circuitry. When pitch preprocessing is applied, the warped speech signal 
is designated a first target signal 229. If pitch preprocessing is not selected the control block 
245, the weighted speech signal passes through the block 225 without pitch preprocessing 
and is designated the first target signal 229. 

As represented by a block 255, the encoder processing circuitry applies a process 
wherein a contribution from an adaptive codebook 257 is selected along with a corresponding 
gain 257 which minimize a first error signal 253. The first error signal 253 comprises the 
difference between the first target signal 229 and a weighted, synthesized contribution from 
the adaptive codebook 257. 
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At blocks 247, 249 and 251, the resultant excitation vector is applied after adaptive 
gain reduction to both a synthesis and a weighting filter to generate a modeled signal that best 
matches the first target signal 229. The encoder processing circuitry uses LPC (linear 
predictive coding) analysfs, as indicated by a block 239, to generate filter parameters for the 
synthesis and weighting filters. The weighting filters 219 and 251 are equivalent in 
functionality. 

Next, the encoder processing circuitry designates the first error signal 253 as a second 
target signal for matching using contributions from a fixed codebook 261. The encoder 
processing circuitry searches through at least one of the plurality of subcodebooks within the 
fixed codebook 261 in an attempt to select a most appropriate contribution while generally 
attempting to match the second target signal. 

More specifically, the encoder processing circuitry selects an excitation vector, its 
corresponding subcodebook and gain based on a variety of factors. For example, the 
encoding bit rate, the degree of minimization, and characteristics of the speech itself as 
represented by a block 279 are considered by the encoder processing circuitry at control 
block 275, Although many other factors may be considered, exemplary characteristics 
include speech classification, noise level, sharpness, periodicity, etc. Thus, by considering 
other such factors, a first subcodebook with its best excitation vector may be selected rather 
than a second subcodebook's best excitation vector even though the second subcodebook's 
better minimizes the second target signal 265. 

Fig. 3 is a functional block diagram depicting of a second stage of operations performed 
by the embodiment of the speech encoder illustrated in Fig. 2. In the second stage, the speech 
encoding circuitry simultaneously uses both the adaptive the fixed codebook vectors found in 
the first stage of operations to minimize a third error signal 311- 
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The speech encoding circuitry searches for optimum gain values for the previously 
identified excitation vectors ( in the first stage) from both the adaptive and fixed codebooks 
257 and 261. As indicated by blocks 307 and 309, the speech encoding circuitry identifies 
the optimum gain by generating a synthesized and weighted signal, i.e., via a block 301 and 
303, that best matches the first target signal 229 (which minimizes the third error signal 311). 
Of course if processing capabilities permit, the first and second stages could be combined 
wherein joint optimization of both gain and adaptive and fixed codebook rector selection 
could be used. 

Fig. 4 is a functional block diagram depicting of a third stage of operations performed 
by the embodiment of the speech encoder illustrated in Figs. 2 and 3. The encoder processing 
circuitry applies gain normalization, smoothing and quantization,, as represented by blocks 
401, 403 and 405, respectively, to the jointly optimized gains identified in the second stage of 
encoder processing. Again, the adaptive and fixed codebook vectors used are those identified 
in the first stage processing. 

With normalization, smoothing and quantization functionally applied, the encoder 
processing circuitry has completed the modeling process. Therefore, the modeling 
parameters identified are communicated to the decoder. In particular, the encoder processing 
circuitry delivers an index to the selected adaptive codebook vector to the channel encoder 
via a multiplexor 41 9. Similarly, the encoder processing circuitry delivers the index to the 
selected fixed codebook vector, resultant gains, synthesis filter parameters, etc., to the 
muliplexor 419. The multiplexor 419 generates a bit stream 421 of such information for 
delivery to the channel encoder for communication to the channel and speech decoder of 
receiving device. 

Fig. 5 is a block diagram of an embodiment illustrating functionality of speech 
decoder having corresponding functionality to that illustrated in Figs. 2-4. As with the 
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speech encoder, the speech decoder, which comprises decoder processing circuitry, typically 
operates pursuant to software instruction carrying out the following functionality. 

A demultiplexer 51 1 receives a bit stream 513 of speech modeling indices from an 
often remote encoder via a channel decoder. As previously discussed, the encoder selected 
each index value during the multi-stage encoding process described above in reference to 
Figs. 2-4. The decoder processing circuitry utilizes indices, for example, to select excitation 
vectors from an adaptive codebook 5 1 5 and a fixed codebook 5 1 9, set the adaptive and fixed 
codebook gains at a block 52 1 , and set the parameters for a synthesis filter 53 1 . 

With such parameters and vectors selected or set, the decoder processing circuitry 
generates a reproduced speech signal 539. In particular, the codebooks 515 and 519 generate 
excitation vectors identified by the indices from the demultiplexor 511. The decoder 
processing circuitry applies the indexed gains at the block 521 to the vectors which are 
summed. At a block 527, the decoder processing circuitry modifies the gains to emphasize 
the contribution of vector from the adaptive codebook 515. At a block 529, adaptive tilt 
compensation is applied to the combined vectors with a goal of flattening the excitation 
spectrum. The decoder processing circuitry performs synthesis filtering at the block 531 
using the flattened excitation signal. Finally, to generate the reproduced speech signal 539, 
post filtering is applied at a block 535 deemphasizing the valley areas of the reproduced 
speech signal 539 to reduce the effect of distortion. 

In the exempiary cellular telephony embodiment of the present invention, the A/D 
converter 115 (Fig. la) will generally involve analog to uniform digital PCM including: 1) an 
input level adjustment device; 2) an input anti-aliasing filter, 3) a sample-hold device 
sampling at 8 kHz; and 4) analog to uniform digital conversion to 13-bit representation. 
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Similarly, the D/A converter 135 will generally involve uniform digital PCM to analog 
including: 1) conversion from 13-bit/8 kHz uniform PCM to analog; 2) a hold device; 3) 
reconstruction filter including x/sin(x) correction; and 4) an output level adjustment device. 



13-bit uniform PCM format, or by conversion to 8-bit/A-Iaw compounded format. For the 
D/A operation* the inverse operations take place. 

The encoder 1 17 receives data samples with a resolution of 13 bits left justified in a 
16-bit word. The three least significant bits are set to zero. The decoder 133 outputs data in 
the same format. Outside the speech codec, further processing can be applied to 
accommodate traffic data having a different representation. 

A specific embodiment of an AMR (adaptive multi-rate) codec with the operational 
functionality illustrated in Figs. 2-5 uses five source codecs with bit-rates 1 1 .0, 8.0, 6.65, 5.8 
and 4.55 kbps. Four of the highest source coding bit-rates are used in the full rate channel 
and the four lowest bit-rates in the half rate channel 

All five source codecs within the AMR codec are generally based on a code-excited 
linear predictive (CELP) coding model. A 10th order linear prediction (LP), or short-term, 
synthesis filter, e.g., used at the blocks 249, 267, 301, 407 and 531 (of Figs. 2-5), is used 
which is given by: 



where a,,i = l....,m, are the (quantized) linear prediction (LP) parameters. 

A long-term filter, i.e., the pitch synthesis filter, is implemented using the either an 
adaptive codebook approach or a pitch pre-processing approach. The pitch synthesis filter is 
given by: 



In terminal equipment, the A/D function may be achieved by direct conversion to 
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(2) 



B(z) \-g p z Tt 
where T is the pitch delay and g p is the pitch gain. 

With reference to Fig. 2, the excitation signal at the input of the short-term LP 
synthesis filter at the block 249 is constructed by adding two excitation vectors from the 
adaptive and the fixed codebooks 257 and 261, respectively. The speech is synthesized by 
feeding the two properly chosen vectors from these codebooks through the short-term 
synthesis filter at the block 249 and 267, respectively. 

The optimum excitation sequence in a codebook is chosen using an 
analysis-by-synthesis search procedure in which the error between the original and 
synthesized speech is minimized according to a perceptually weighted distortion measure. 
The perceptual weighting filter, e.g., at the blocks 251 and 268, used in the 
analysis-by-synthesis search technique is given by: 

where A(z) is the unquantized LP filter and 0 < y 2 < Y i * 1 are the perceptual weighting 
factors. The values y x = [0.9, 0.94] and y 2 = 0.6 are used The weighting filter, e.g., at the 
blocks 251 and 268, uses the unquantized LP parameters while the formant synthesis filter, 
e.g., at the blocks 249 and 267, uses the quantized LP parameters. Both the unquantized and 
quantized LP parameters are generated at the block 239. 

The present encoder embodiment operates on 20 ms (millisecond) speech frames 
corresponding to 160 samples at the sampling frequency of 8000 samples per second. At 
each 160 speech samples, the speech signal is analyzed to extract the parameters of the CELP 
model, i.e., the LP filter coefficients, adaptive and fixed codebook indices and gains. These 
parameters are encoded and transmitted. At the decoder, these parameters are decoded and 
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speech is synthesized by filtering the reconstructed excitation signal through the LP synthesis 
filter. 

More specifically, LP analysis at the block 239 is performed twice per frame but only 
a single set of LP parameters is converted to line spectrum frequencies (LSF) and vector *v 
quantized using predictive multi-stage quantization (PMVQ). The speech frame is divided 
into subframes. Parameters from the adaptive and fixed codebooks 257 and 261 are 
transmitted every subframe. The quantized and unquantized LP parameters or their 
interpolated versions are used depending on the subframe. An open-loop pitch lag is 
estimated at the block 241 once or twice per frame for PP mode or LTP mode, respectively. 

Each subframe, at least the following operations are repeated. First, the encoder 
processing circuitry (operating pursuant to software instruction) computesxf n) t the first' 
target signal 229, by filtering the LP residual through the weighted synthesis filter 
W(z )H(z ) with the initial states of the filters having been updated by filtering the error 
between LP residual and excitation. This is equivalent to an alternate approach of subtracting 
the zero input response of the weighted synthesis filter from the weighted speech signal. 

Second, the encoder processing circuitry computes the impulse response, h( n) , of the 
weighted synthesis filter. Third, in the LTP mode, closed-loop pitch analysis is performed to 
find the pitch lag and gain, using the first target signal 229, x( n) , and impulse response, 
h( n) , by searching around the open-loop pitch lag. Fractional pitch with various sample 
resolutions are used. 

In the PP mode, the input original signal has been pitch-preprocessed to match the 
interpolated pitch contour, so no closed-loop search is needed The LTP excitation vector is 
computed using the interpolated pitch contour and the past synthesized excitation. 
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Fourth, the encoder processing circuitry generates a new target signal x 2 ( n) , the 
second target signal 253, by removing the adaptive codebook contribution (filtered adaptive 
code vector) from x{n\ The encoder processing circuitry uses the second target signal 253 in 
the fixed codebook search to find the optimum innovation. 

Fifth, for the 1 1.0 kbps bit rate mode, the gains of the adaptive and fixed codebook 
are scalar quantized with 4 and 5 bits respectively (with moving average prediction applied to 
the fixed codebook gain). For the other modes the gains of the adaptive and fixed codebook 
are vector quantized (with moving average prediction applied to the fixed codebook gain). 

Finally, the filter memories are updated using the determined excitation signal for 
finding the first target signal in the next subframe, 

. The bit allocation of the AMR codec modes is shown in table 1. For example, for 
each 20 ms speech frame, 220, 160, 133 , 116 or 91 bits are produced, corresponding to bit 
rates of 1 1.0, 8.0, 6.65, 5.8 or 4.55 kbps, respectively. 

Table 1 : Bit allocation of the AMR coding algorithm for 20 ms frame 



CODING RATE 
Frame size 


1I.0KBPS 1 


™ 8 .0K£ PS 


6.65KB PS 
20ms 
5ms 


5.80KBPS i 


4. 5 5 KB PS 


Look ahead 

Predictor for LSF 
Quantitation 

LPCinicrpotioon 

Pitch mode 


2 bits/frame 
Obit 
LTP 


Obitfcs 

~2bM | 6 
Obit 
LTP | 


1 (Tenter 

tme 

24 bit/frame 
1 2kwT] 6 1 

1 bitfmrne 
""Ltp 1 pp 

Cm 


0 
Obit 
PP 


1 bit/frame 

re 

" 0 
Obit 
PP 


Pitch Lag 

Fixed excitation 

Total 


30 bits/frame <96*>) 
31 biirtubtrame 
9 bits (solar) 

220 bits/frame 


8585 
20 

... , 

160 


8585 
13 

■ 7 bits/sut 
i 133 


"bMS 

nr 

frame 


0008 
U biu/submune 


0008 
lObiufeubframe 
6 bits/subframe 

i 

91 I 



With reference to Fig. 5, the decoder processing circuitry, pursuant to software 
control, reconstructs the speech signal using the transmitted modeling indices extracted from 
the received bit stream by the demultiplexer 51 1. The decoder processing circuitry decodes 
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the indices to obtain the coder parameters at each transmission frame. These parameters are 
the LSF vectors, the fractional pitch lags, the innovative code vectors, and the two gains. 

The LSF vectors are converted to the LP filter coefficients and interpolated to obtain 
LP filters at each subframe. At each subframe, the decoder processing circuitry constructs 
the excitation signal by: 1) identifying the adaptive and innovative code vectors from the 
codebooks 5 15 and 519; 2) scaling the contributions by their respective gains at the block 
521; 3) summing the scaled contributions; and 3) modifying and applying adaptive tilt 
compensation at the blocks 527 and 529. The speech signal is also reconstructed on a 
subframe basis by filtering the excitation through the LP synthesis at the block 531. Finally, 
the speech signal is passed through an adaptive post filter at the block 535 to generate the 
reproduced speech signal 539. 

The AMR encoder will produce the speech modeling information in a unique 
sequence and format, and the AMR decoder receives the same information in the same way. 
The different parameters of the encoded speech and their individual bits have unequal 
importance with respect to subjective quality. Before being submitted to the channel 
encoding function the bits are rearranged in the sequence of importance. 

Two pre-processing functions are applied prior to the encoding process: high-pass 
filtering and signal down-scaling. Down-scaling consists of dividing the input by a factor of 
2 to reduce the possibility of overflows in the fixed. point implementation. The high-pass 
filtering at the block 215 (Fig. 2) serves as a precaution against undesired low frequency 
components. A filter with cut off frequency of 80 Hz is used, and it is given by: 

0.92727435 - 1.854494 lz' 1 +0.92727435?"' 
w(Z) = l-1.9059465r H +0.9114024r" 1 

Down scaling and high-pass filtering are combined by dividing the coefficients of the 
numerator of H M (z) by 2. 
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Short-term prediction, or linear prediction (LP) analysis is performed twice per speech 
frame using the autocorrelation approach with 30 ms windows. Specifically, two LP analyses 
are performed twice per frame using two different windows. In the first LP analysis 
(LP analysisj), a hybrid window is used which has its weight concentrated at the fourth 
subframe. The hybrid window consists of two parts. The first part is half a Hamming 
window, and the second part is a quarter of a cosine cycle. The window is given by: 



w,(n) = 



0.54-0.46cos^jj, n = 0to214,L = 215 
^a49^j ( n = 215to239 

In the second LP analysis (LP_analysis_2), a symmetric Hamming window is used , 

0.54 - 0.46cos^jj n = 0 tol 19, L = 120 
0.54 + 0.46cos^^2^j, n = 120to239 

past frame current frame future frame 

55 160 25 (samples) 

In either LP analysis, the autocorrelations of the windowed speech s(n) y n = 0,239 are 
computed by: 



w 2 (*) = 



239 

r(k)^s(n)s(n-k) f k^O f lO. 



A 60 Hz bandwidth expansion is used by lag windowing, the autocorrelations using the 
window: 



I 8000 J 
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Moreover, r(0)is multiplied by a white noise correction factor 1.0001 which is equivalent to 
adding a noise floor at -40 dB. 

The modified autocorrelations r'(0) = 1.0001r(0) and r(k) = r(*)M^(*),k = 1,10 
are used to obtain the reflection coefficients Jfc, and LP filter coefficients fl ( .,i = 1,10 using 
the Levinson-Durbin algorithm. Furthermore, the LP filter coefficients a { .are used to obtain 

the Line Spectral Frequencies (LSFs). 

The interpolated unquantized LP parameters are obtained by interpolating the LSF 
coefficients obtained from the LP analysis_l and those from LP_analysis_2 as: 

q x (n) = 0.5 94 (n-l) + 0.5? 2 (n) 
? 3 (/i) = 0.5 92 (/>) + 0.5? 4 (/i) 

where q x (n) is the interpolated LSF for subframe 1, q 2 (n) is the LSF of subframe 2 obtained 
from LP_analysis_2 of cuirent frame, $,(n) is the interpolated LSF for subframe 3, 
q 4 (n - 1) is the LSF (cosine domain) from LP_analysis J of previous frame, and q 4 (n) is the 
LSF for subframe 4 obtained from LP_analysis_l of current frame. The interpolation is 
carried out in the cosine domain. 

A VAD (Voice Activity Detection) algorithm is used to classify input speech frames 
into either active voice or inactive voice frame (background noise or silence) at a block 235 
(Fig. 2). 

The input speech s(n) is used to obtain a weighted speech signal s w (n) by passing 
s(n) through a filter 




That is, in a subframe of size L_SF, the weighted speech is given by: 
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s w (n) = s(n) + ^/An - i) - £fl,rl* w (« - 0. n = O t L_SF-l . 

A voiced/unvoiced classification and mode decision within the block 279 using the 
input speech s(n) and the residual r„(n) is derived where: 

r» = *(»)+ i>,rM«-'),n =0,L_SF-1 . 

The classification is based on four measures: 1) speech sharpness P1_SHP; 2) normalized one 
delay correlation P2_R1; 3) normalized zero-crossing rate P3_ZC; and 4) normalized LP 

residual energy P4_RE. 

The speech sharpness is given by: 

P\ SHP="° w . — , 
MaxL 

where Max is the maximum of obs(r w (n)) over the specified interval of length L. The 
normalized one delay correlation and normalized zero-crossing rate are given by: 



LA 

£5(nMn + l) 
PI Rl= ~ 



g*(»)i(»)fi(n+lMH + l) 

V*-0 »-0 



njc - ^ JM*<i)]-«gnM'-i)]ll. 

21 i«o 



where sgn is the sign function whose output is either 1 or -1 depending that the input sample 
is positive or negative. Finally, the normalized LP residual energy is given by: 
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P4_RE = l-yjlpc_gain 

10 

where lpc_gain = Y[d~tf)* w ^ cre the ^^on coefficients obtained from LP 
analysis_l. 

The voiced/unvoiced decision is derived if the following conditions are met 
if P2 _ R\ < 0.6 and P\ _ SHP > 0.2 set mode =2, 
if P3 _ ZC > 0.4 and Pl_ SHP > 0. 1 8 set mode = 2, 
ifP4_RE< 0.4 and PI _ OTP > 0.2 set mode = 2, 
'/ (P2-& < -1-2 + 3.2/>l_ SffP)set VUV = -3 
if(P4_RE < -0.21 + 1.4286P1 _ OTP) set VUV = -3 
if (P3 _ ZC > 0.8 - 0.6P1 _ SHP) set VUV = -3 
if(P4_RE < 0.1) set VUV = -3 

Open loop pitch analysis is performed once or twice (each 10 ms) per frame 
depending on the coding rate in order to find estimates of the pitch lag at the block 241 (Fig. 

2). It is based on the weighted speech signal s w (n+n m ) 9 n = 0,1 ,79, in which n n defines 

the location of uiis signal on the first half frame or the last half frame. In the first step, four 
maxima of the correlation: 

79 

Q = %s w (n u + n)s w (n m + n-k) 

% 

are found in the four ranges 17.. ..33, 34....67, 68.. ..135, 136....145, respectively. The 
retained maxima C K , i - 1,2,3,4, are normalized by dividing by: 
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JZ/wK. + i = 1 4 . respectively. 

The normalized maxima and corresponding delays are denoted by (A&fc),i«l,2,3,4. 

In the second step, a delay, k Jt among the four candidates, is selected by maximizing 
the four normalized correlations. In the third step, A/ is probably corrected to fc(i<J) by 
favoring the lower ranges. That is, */ (i<I) is selected if*/ is within [k/m-4, 

Wm+4],m=2J 9 4.S 9 and if k t > k f 095^ D f i < /, where D is 1.0, 0.85, or 0.65, depending 
on whether the previous frame is unvoiced, the previous frame is voiced and *, is in the 
neighborhood (specified by ± 8) of the previous pitch lag, or the previous two frames are 
voiced and k ( is in the neighborhood of the previous two pitch lags. The final selected pitch 
lag is denoted by T op . 

A decision is made every frame to either operate the LTP (long-term prediction) as 
the traditional CELP approach (LTP_mode=l), or as a modified time warping approach 
(LTProode=0) herein referred to as PP (pitch preprocessing). For 4.55 and 5.8 kbps 
encoding bit rates, LTPjnode is set to 0 at all times. For 8.0 and 1 1.0 kbps, LTPjnode is set 
to 1 all of the time. Whereas, for a 6.65 kbps encoding bit rate, the encoder decides whether 
to operate in the LTP or PP mode. During the PP mode, only one pitch lag is transmitted per 
coding frame. 

For 6.65 kbps, the decision algorithm is as follows. First, at the block 241, a 

prediction of the pitch lag pit for the current frame is determined as follows: 

if(LTPJ40DEjn = \) 

pit = lagtl + 2A*(lagJ[3]-lagll); 

else 

pit = lag JN + 2.1S*(lagJt3]-lagJl]); 
where I7P_mode_m is previous frame I7P_mode, lag _J\\]Mg _/[3] are the past 
closed loop pitch lags for second and fourth subframes respectively, lagl is the current frame 
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open-loop pitch lag at the second half of the frame, and t lagll is the previous frame open- • 

« 

loop pitch lag at the first half of the frame. 

Second, a normalized spectrum difference between the Line Spectrum Frequencies 
(LSF) of current and previous frame is computed as: 

e_bf = -f,abs(LSF(i)-LSF_m(i)h 

if(abs(pit-lagl)< TH and abs(lagj[3 ]Aagl) < lagl*Q2) 

if(Rp> Oi && pgain jast > 0.7 andejsf < 0i/30j ZJP_mode = 0; 
elseI7P_mode = l; 

where Rp is current frame normalized pitch correlation, pgain _ past is the quantized pitch 
gain from the fourth subframe of the past frame, TH = MINflagl'01, 5) , and 
TH = MAX(2.0. TH). 

The estimation of the precise pitch lag at the end of the frame is based on the 
normalized correlation: 

L 

£ s w (n + n\) s w (n + nl - k) 

n _ ff=0 

Kk ~ fl ' 

JI>!(/i+«i-*) 

V «*o 

where s w (n + nl), n = 0,1, L - 1, represents the last segment of the weighted speech signal 

including the look-ahead ( the look-ahead length is 25 samples), and the size L is defined 
according to the open-loop pitch lag T ep with the corresponding normalized correlation C T ^ : 

if (C T > 0.6) 
L = max{ 50, Top} 

L = min{80,L) 
else 
L=80 
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In the first step, one integer lag k is selected maximizing the Rk in the range 
k €[7 op - 10, T cp + 10] bounded by [17, 145]. Then, the precise pitch lag P m and the 
corresponding index I m for the cunent frame is searched around the integer lag, [k-1, k+lj, 
by up-sampling A*. 

The possible candidates of the precise pitch lag are obtained from the table named as 

PitLagTab8b[i] t i=0J 127. In the last step, the precise pitch lag P a = PitLagTab8bfInJ is 

possibly modified by checking the accumulated delay due to the modification of the 
speech signal: 

'/(r flCC >5) /„<=min{/ m +l, 127}, and 
i/(r oec <-5)/.<=max{/ i( -l,0}. 

The precise pitch lag could be modified again: 

j/(r flec >10) I m <=min{I m + l 127}, and 
i/(r ttr <-10)/ - c=max{/ l| .l,0}. 

The obtained index I m will be sent to the decoder. 

The pitch lag contour, r c (/i), is defined using both the current lag P m and the previous 

lagP«.y: 

</< |/L-Pj<tt2inm{?.,? irt } ) 

*K* + n(P m -P^ x )IL f , n = 0,U,i/-l 
T e (n)=P mf n=Lf,...,nO 

else 

r € (*)= p -* n=0,l,...^9; 
r»=? w , n-40 170 

where L/= 160 is the frame size. 

One frame is divided into 3 subframes for the long-term preprocessing. For the first 

two subframes, the subframe size, L s , is 53, and the subframe size for searching, L m is 70. 

For the last subframe, I, is 54 and L sr is: 

L Sf = min {70, I, + - 1 0 - } , 
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where Lim=-25 is the look-ahead and the maximum of the accumulated delay is limited 



The target for the modification process of the weighted speech temporally memorized 

in { s w {mO + n), n = 0,1 L v - 1 } is calculated by warping the past modified weighted 

speech buffer, s v (mO + «), «<0, with the pitch lag contour, t c {n + m-L,), m = 0,12, 



i,>0+«) = 2ls w (mO+n-T t (n)+i) I,(i,T, c (n)), « = 0,1,...,I„.-1, 
<■>-// 

where Tc(n) and 7)cft) are calculated by: 

T ( (n) - trunc{r e (n + /»•!,)}, 
T, c {n)=T c (n)-T c (n), 

m is subframe number, /, (i, T ic (n)) is a set of interpolation coefficients, and)} is 10. Then, 
the target for matching, n = 04,...,^, - 1. is calculated by weighting 

j w (m0+ «X n = <U,... t Ar "*» m Ae time doraam: 

*,(») = n • f w (m0 + n) /L, , n - 0,1,..., 1,-1, 
i,(«M„(m0+»),n = L„ r .^L„ -1 

The local integer shifting range /SrtO. for searching for the best local delay is 

computed as the following: 

if speech is unvoiced 
SR/h-1. 
SRM. 

else 

SR0=round{ -4 min{1.0, maxfO.0, 1-0.4 M.2)}}}, 
SRl=round{4 min{1.0. max(0.0, 1-0.4 (Pa-0.2)}}}, 

where P^maxfPa,,, P M ), P,u is the average to peak ratio (i.e., sharpness) from the target 



to 14. 



signal: 




L, r max{|i„(m0+ n%n* QX-,L„ - 1} 
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and is the sharpness from the weighted speech signal: 



(I ir -I,/2)max(|5> + nO+I J /2)| ( n = 0 > l I ff -I,/2-l} 



where nO = rru/ic{mO+ + Of} (here, m is subframe number and is the previous 
accumulated delay). 

In order to find the best local delay, T opl > at the end of the current processing subframe, 
a normalized correlation vector between the original weighted speech signal and the modified 
matching target is defined as: 



A best local delay in the integer domain, k^ is selected by maximizing Ri(k) in the range of 
k e [SRQ 9 SR1] , which is corresponding to the real delay: 
k r =k opt + /i0-m0-r flar 

If Riflc op J<0.5 9 kr is set to zero. 

In order to get a more precise local delay in the range { k r 0.75+0.1j,j=0 t !,„.15} 
- around kr> Ri(k) is interpolated to obtain the fractional correlation vector, R0, by: 



is selected by maximizing Rfi). Finally, the best local delay, r oph at the end of the current 
processing subframe, is given by, 
V=l r -0.75+0,lj ip( 




8 



where [I/iJ)} is a set of interpolation coefficients. The optimal fractional delay index » 
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The local delay is then adjusted by: 

^"jr^, otherwise 

The modified weighted speech of the current subframe, memorized in 
{i H ,(mO+ n),n - 0,1,...,!, - 1 } to update the buffer and produce the second target signal 253 
for searching the fixed codebook 261, is generated by warping the original weighted speech 
{ s w (n)) from the original time region, 

[mO + r^, wO+r^+^+r^], 
to the modified time region, 
[mO, mO+ZJ: 

s w (mO+n)= £s w (mO+n + T w (n) + i) IfiJiwin)), n = OX... 9 L s -l 

where Twin) and Tw(n) are calculated by: 

T w (n) = truncit^ + n • / L t ) , 
Tm(*) m r «c + " • V ' ^ " T w(*)> 

[IsOJ/win))} is a set of interpolation coefficients. 

After having completed the modification of the weighted speech for the current 

subframe, the modified target weighted speech buffer is updated as follows: 

i„(n)<=i w (n + I f ), « = 0,1 n m -l 

The accumulated delay at the end of the current subframe is renewed by: 

Prior to quantization the LSFs are smoothed in order to improve the perceptual 

quality. In principle, no smoothing is applied during speech and segments with rapid 

variations in the spectral envelope. During non-speech with slow variations in the spectral 

envelope, smoothing is applied to reduce unwanted spectral variations. Unwanted spectral 
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variations could typically occur due to the estimation of the LPC parameters and LSF 
quantization. As an example, in stationary noise-like signals with constant spectral envelope 
introducing even very small variations in the spectral envelope is picked up easily by the 
human ear and perceived as an annoying modulation. 

The smoothing of the LSFs is done as a running mean according to: 

WAn) = fi(n) -0(n)) i = 1.....10 

where Isfjst^nYxs the i* estimated LSF of frame n , and is the i* LSF for 

quantization of frame n . The parameter fi{n) controls the amount of smoothing, e.g. if 

P(n) is zero no smoothing is applied. 

f}{n) is calculated from the VAD information (generated at the block 235) and two 

estimates of the evolution of the spectral envelope. The two estimates of the evolution are 

defined as: 

ASP = £ (£?t*i« -&/etf,(n * I)) 2 
A5P te = |;(/5/_«^ ^ («)-m fl _fa/;(«-l)) , 

ma_lsf,(n) = fl{n) • majsf,(n - 1) + (1 - /?(«)) • lsf_est,(n), i = 1 10 
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The parameter P(n) is controlled by the following logic: 

Stepl: 

if(Vad = 1 1 PastVad = 1 1 *, > 0.5) 

W(«-D=o 

^(») = 0.0 

elsafiN^ Jin - 1) > 0 & (ASP > 0.0015 1 > 0.0024)) 
#») = 0.0 

elsaf(N mittn (n-\)>\&USP>0.W25) 
Step 2: 

-if (Tad = Q8t PastVad =0) •— — --- - 

^«(»)-^- 4 ^-('>-»)+l 

'/(^ ni *. to («)>5) 

endif 

where it, is the first reflection coefficient 

In step 1, the encoder processing circuitry checks the VAD and the evolution of the 
spectral envelope, and performs a full or partial reset of the smoothing if required. In step 2, 
the encoder processing circuitry updates the counter, N^jjjn) , and calculates the 
smoothing parameter, 0(n) . The parameter fi(n) varies between 0.0 and 0.9, being 0.0 for 
speech, music, tonal-like signals, and non-stationary background noise and ramping up 

towards 0.9 when stationary background noise occurs. 
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the LSFs are quantized once per 20 ms frame using a predictive multi-stage vector 
quantization. A minimal spacing of 50 Hz is ensured between each two neighboring LSFs 

before quantization, A set of weights is calculated from the LSFs, given by w t = K\P(f f )f '* 

where f { is the I th LSF value and P(f f ) is the LPC power spectrum at f t (K is an irrelevant 
multiplicative constant). The reciprocal of the power spectrum is obtained by (up to a 
multiplicative constant): 

(1 - cos(2/£)nicos(2/£) - cos(2^ y )f even / 
P ^ ~ ' (1 + cos(2^)nicos(2^) -cos(2^ y )] 2 odd / 

evta> 

and the power of - 0.4 is then calculated using a lookup table and cubic-spline interpolation 
between table entries. 

A vector of mean values is subtracted from the LSFs, and a vector of prediction error 
vector fe is calculated from the mean removed LSFs vector, using a full-matrix AR(2) 
predictor. A single predictor is used for the rates 5.8, 6.65, 8.0, and 11.0 kbps coders, and 
two sets of prediction coefficients are tested as possible predictors for the 4.55 kbps coder. 

The vector of prediction error is quantized using a multi-stage VQ, with multi- 
surviving candidates from each stage to the next stage. The two possible sets of prediction 
error vectors generated for the 4.55 kbps coder are considered as surviving candidates for the 
first stage. 

The first 4 stages have 64 entries each, and the fifth and last table have 16 entries. 
The first 3 stages are used for the 4,55 kbps coder, the first 4 stages are used for the 5.8, 6.65 
and 8.0 kbps coders, and all 5 stages are used for the 1 1.0 kbps coder. The following table 
summarizes the number of bits used for the quantization of the LSFs for each rate. 
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4.55 kbps 


prediction 


1" stage 


2™ stage 


3'° stage 


4" stage 


5™ stage 


total 


1 


6 


6 


6 






19 


5.8 kbps 


0 


6 


6 


6 


6 




24 


6.65 kbps 


0 


6 


6 


6 


6 




24 


8.0 kbps | 0 


6 


6 


6 


6 




24 


11.0 kbps | 0 


6 


6 


6 


6 


4 


28 



The number of surviving candidates for each stage is summarized in the following table. 



4.SS kbps 


prediction 
candidates 
into the l" 
stage 
2 


Surviving 
candidates 
from the 
1* stage 


surviving 
candidates 
from the 
2 ad stage 


surviving 
candidates 
from the 
3 ri stage 


surviving 
candidates 
from the 
4* stage 


10 


6 


4 




S.8 kbps 1 1 


8 


6 


4 




6.65 kbps [ 1 


8 


8 


4 




8.0 kbps I 1 


8 


8 


4 




11.0 kbps | ... J 


8 


6 


. 4 


4 



The quantization in each stage is done by minimizing the weighted distortion measure ' 
given by. 




f-0 



The code vector with index which minimizes s k such that ^ < e k for all k > is chosen 
to represent the prediction/quantization error (fe represents in this equation both the initial 
prediction error to the first stage and the successive quantization error from each stage to the 
next one). 

The final choice of vectors from all of the surviving candidates (and for the 4.55 kbps 
coder - also the predictor) is done at the end, after the last stage is searched, by choosing a 
combined set of vectors (and predictor) which minimizes the total error. The contribution 
from all of the stages is summed to form the quantized prediction error vector, and 'the 
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quantized prediction error is added to the prediction states and the mean LSFs value to 
generate the quantized LSFs vector. 

For the 4.55 kbps coder, the number of order flips of the LSFs as the result of the 
quantization if counted, and if the number of flips is more than 1, the LSFs vector is replaced 
with 0.9 • (LSFs of previous frame) + 0.1 • (mean LSFs value) . For all the rates, the quantized 
LSFs are ordered and spaced with a minimal spacing of 50 Hz. 

The interpolation of the quantized LSF is performed in the cosine domain in two ways 
depending on the LTPjnode. If the LTPjnode is 0, a linear interpolation between the 
quantized LSF set of the current frame and the quantized LSF set of the previous frame is 
performed to get the LSF set for the first, second and third subframes as: 

?,(«) = 0.75^(«.l)+0.25? 4 («) 
? 2 (n)=0.59 4 (n-l) + 0.5£(fl) 
? 3 (/>) = 0.25? 4 (rt-l)+0.75^(n) 

where g 4 (n - 1) and q 4 (n) are the cosines of the quantized LSF sets of the previous and 
current frames, respectively, and q t (n) , q 2 (n) mdq z (n) are the interpolated LSF sets in 
cosine domain for the first, second and third subframes respectively. 

If the LTPjnode is 1, a search of the best interpolation path is performed in order to 
get the interpolated LSF sets. The search is based on a weighted mean absolute difference 

between a reference LSF set r/(n)and the LSF set obtained from LP analysis_2 /(«) . The 

weights vv are computed as follows: 

M<0) = (l-/(0))(l./(l)+/(0)) 
vK9) = 0-/(9)Kl-/(9)+/(8)) 
/or/ = lto9 
h<0 - (1 - /(/))(1 - Min(l(i + 1) - /(/),/(/) - /(/ - 1))) 

where Min(a,b) returns the smallest of a and b. 
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There are four different interpolation paths. For each path, a reference LSF set 
rq{n) in cosine domain is obtained as follows: 
rq(n) = a(*)f «(a) + 0 - a(k))q 4 (n - 1),* = 1 to 4 

a = {0.4,0.5,0.6, 0.7} for each path respectively. Then the following distance measure is 
computed for each path as: 

D = \ri(n)-I(n{w 

The path leading to the minimum distance D is chosen and the corresponding reference LSF 
set rq(n) is obtained as : 

rq (") = Qcpt ?4 (") + (* - <V (» - 0 

The interpolated LSF sets in the cosine domain are then given by: 

9,(«) = 0.5? 4 (rt-l)+0.5r9 (n) 
q 2 (n) = rq{n) 

?,(/i) = 0.5r?(n) + 0.5g 4 (n) 

The impulse response, h(n) , of the weighted synthesis filter 
H(z)W(z) = A(z/r i )/[A(2)A(z/y 2 )) is computed each subframe. This impulse response is 
needed for the search of adaptive and fixed codebooks 257 and 261. The impulse response 
h(n) is computed by filtering the vector of coefficients of the filter A(zly x ) extended by 
zeros through the two filters \IA{z) and lM(z/y 2 ) . 



35 



BNSOOCIO: <WO_001IBSM1.U> 



SUBSTITUTE SHEET (RULE 26) 



WO 00/11655 



PCTAJS99/19135 



The target signal for the search of the adaptive codebook 257 is usually computed by 
subtracting the zero input response of the weighted synthesis filter H(z)W(z) from the 
weighted speech signal s w (n). This operation is performed on a frame basis. An equivalent 
procedure for computing the target signal is the filtering of the LP residual signal r(n) 
through the combination of the synthesis filter l/A(z) and the weighting filter W{z) . 

After determining the excitation for the subframe, the initial states of these filters arc 
updated by filtering the difference between the LP residual and the excitation. The LP 
residual is given by: 

10 

r(n) = s(n) + £a>(/i - i),n = Q>L_SF - 1 

M 

The residual signal r(n) which is needed for finding the target vector is also used in the 
adaptive codebook search to extend the past excitation buffer. This simplifies the adaptive 
codebook search procedure for delays less than the subframe size of 40 samples. 

In the present embodiment, there are two ways to produce an LTP contribution. One 
uses pitch preprocessing (PP) when the PP-mode is selected, and another is computed like the 
traditional LTP when the LTP-mode is chosen. With the PP-mode, there is no need to do the 
adaptive codebook search, and LTP excitation is directly computed according to past 
synthesized excitation because the interpolated pitch contour is set for each frame. When the 
AMR coder operates with LTP-mode, the pitch lag is constant within one subframe, and 
searched and coded on a subframe basis. 

Suppose the past synthesized excitation is memorized in { ext(MAXJLAG+n), n<0} t 
which is also called adaptive codebook. The LTP excitation codevector, temporally 
memorized in { ext(MAXJAG+n) t 0<=n<LJF} t is calculated by interpolating the past 
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excitation (adaptive codebook) with the pitch lag contour, r t {n + m*L _ SF\ m « 0,1,2,3 . The 
interpolation is perfonned using an FIR filter (Hamming windowed sine functions): 

ext(MAX_LAG + n) = j^ext{MAX _LAG + n-T c (n)+i)I t (iJ IC (n)) 9 n = 04,..., I . SF - ly 

where Td[n) and 7/cfa> are calculated by 
T c (n)=trunc{r e (n + m • I _ SF)} , 
r /c (n)=r,(/i)-r c (n), 

m is subframe number, {I s (iJ,c(n))} is a set of interpolation coefficients, fi is 10, 
MAX JAG is 145+1 1, and LJSF=40 is the subframe size. Note that the inteipolated values 
{ext(MAXJAG+n) t 0<=n<LJSF -17+11} might be used again to do the interpolation when 
the pitch lag is small. Once the interpolation is finished, the adaptive codevector 
V*={v o (n) 9 n=0 to 39} is obtained by copying the interpolated values: 
Vc(n)=ext(MAXJjiG+n), 0«=n<LJSF 

Adaptive codebook searching is perfonned on a subframe basis. It consists of 
performing closed-loop pitch lag search, and then computing the adaptive code vector by 
interpolating the past excitation at the selected fractional pitch lag. The LTP parameters (or 
the adaptive codebook parameters) are the pitch lag (or the delay) and gain of the pitch filter. 
In the search stage, the excitation is extended by the LP residual to simplify the closed-loop 
search. 

For the bit rate of 1 1.0 kbps, the pitch delay is encoded with 9 bits for the 1* and 3 rd 
subframes and the relative delay of the other subframes is encoded with 6 bits. A fractional 
pitch delay is used in the first and third subframes with resolutions: 1/6 in the range 

4 

[17,93-], and integers only in the range [95,145]. For the second and fourth subframes, a 
6 
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pitch resolution of 1/6 is always used for the rate 11.0 kbps in the range [7j -5- ,7; +4-], 

6 6. 

where T x is the pitch lag of the previous (l sl or 3 rd ) subframe. 

The close-loop pitch search is performed by minimizing the mean-square weighted 
error between the original and synthesized speech. This is achieved by maximizing the term: 



excitation at delay k (past excitation convoluted with h{n)\ The convolution y k (n) is 
computed for the first delay in the search range, and for the other delays in the search 
range 1 t m , it is updated using the recursive relation: 

where u(n) t n » -(143 + 1 1) to 39 is the excitation buffer. 

Note that in the search stage, the samples u(n\n = 0 to 39, are not available and are 
needed for pitch delays less than 40. To simplify the search, the LP residual is copied to 
u(n) to make the relation in the calculations valid for all delays. Once the optimum integer 
pitch delay is determined, the fractions, as defined above, around that integor are tested. The 
fractional pitch search is performed by interpolating the normalized correlation and searching 
for its maximum. 

Once the fractional pitch lag is determined, the adaptive codebook vector, v(n) , is 
computed by interpolating the past excitation u(n) at the given phase (fraction). The 
interpolations are performed using two FIR filters (Hamming windowed sine functions), one 
for interpolating the term in the calculations to find the fractional pitch lag and the other for 



IW*(«) 




where T p (n) is the target signal and y k (n) is the past filtered 
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interpolating the past excitation as previously described. The adaptive codebook gain, g p , is 
temporally given then by: 

a - £^2 

hp ~ 39 » 

bounded by 0 < g p < 1 .2 , where = v(n) * is the filtered adaptive 
codebook vector (zero state response of H(z)W(z) to v(«) )• The adaptive codebook gain 
could be modified again due to joint optimization of the gains, gain normalization and 
smoothing. The term y(n) is also referred to herein as C p (n) . 

With conventional approaches, pitch lag maximizing correlation might result in two 
_ _or more times the correct one, .Thus, with such conventional approaches, the candidate of 
shorter pitch lag is favored by weighting the correlations of different candidates with constant 
weighting coefficients. At times this approach does not correct the double or treble pitch lag 
because the weighting coefficients are not aggressive enough or could result in halving the 
pitch lag due to the strong weighting coefficients. 

In the present embodiment, these weighting coefficients become adaptive by checking 
if the present candidate is in the neighborhood of the previous pitch lags (when the previous 
frames are voiced) and if the candidate of shorter lag is in the neighborhood of the value 
obtained by dividing the longer lag (which maximizes the correlation) with an integer. 

In order to improve the perceptual quality, a speech classifier is used to direct the 
searching procedure of the fixed codebook (as indicated by the blocks 275 and 279) and to- 
control gain normalization (as indicated in the block 401 of Fig. 4). The speech classifier 
serves to improve the background noise performance for the lower rate coders, and to get a 
quick start-up of the noise level estimation. The speech classifier distinguishes stationary 
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noise-like segments from segments of speech, music, tonal-like signals, non-stationary noise, 
etc. 

The speech classification is performed in two steps. An initial classification 
(speech jnode) is obtained based on the modified input signal. The final classification 
(excjnode) is obtained from the initial classification and the residual signal after the pitch 
contribution has been removed. The two outputs from the speech classification are the 
excitation mode, excjnode, and the parameter f) sub (n) , used to control the subframe based 
smoothing of the gains. 

The speech classification is used to direct the encoder according to the characteristics 
of the input signal and need not be transmitted to the decoder. Thus, the bit allocation, 
codebooks, and decoding remain the same regardless of the classification. The encoder 
emphasizes the perceptually important features of the input signal on a subframe basis by 
adapting the encoding in response to such features. It is important to notice that 
misclassification will not result in disastrous speech quality degradations. Thus, as opposed 
to the VAD 235, the speech classifier identified within the block 279 (Fig. 2) is designed to 
be somewhat more aggressive for optimal perceptual quality. 
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The initial classifier (speech jclassifier) has adaptive thresholds and is performed in six 
steps: 

1. Adapt thresholds: 



else 

SNR_max = 3.S 
endif 

if(SNR_max<M5) 
decijnaxjnes ~ 1.30 
decijnajcp - 0.70 
update jnaxjnes = 1.10 
— update jnajpjpeech =0.72 

ebeif(SNR_max <2.50) 
decijnaxjnes = 1.65 
decijnajcp = 0.73 
update jnaxjnes = 1.30 
update jna_cp_speech = 0.72 



decijnaxjnes = 1.75 
decijnajcp = 0.77 
update jnaxjnes = 1 .30 
update jnajpjpeech = 0.77 



2. Calculate parameters: 
Pitch correlation: 



if(updatesjioise Z 30 & updates jpeech > 30) 
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Running mean of pitch correlation: 
ma_cp(n) = 0.9 • majcp(n - 1) + 0. 1 • cp 

Maximum of signal amplitude in current pitch cycle: 
max{n) = max \s(i% i = start,... % LJF-\) 



where: 

start = min {LJF - tagfi) 

Sum of signal amplitudes in cuiTent pitch cycle: 
mean(n) = 2J| ? (')| 

i m ttort 



Measure of relative maximum: 
maxjn) 



max mes = • 



majnaxjxoise(n - 1) 



Maximum to long-term sum: 

max2sum = — — — 

J]mca/i(«-i) 



Maximum in groups of 3 subframes for past 15 subframes: 
max^oiv(n,*) = max{max(n-3(4-*)-yjty = 0 M ,.4 * = 0,...,4 
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Group-maximum to minimum of previous 4 group-maxima: 

endmaxlminmax = maxjrroupjnA) 

minjmax _group(n,k),k = 0,...,3} 



Slope of 5 group maxima: 

4 

slope = 0. 1 • £ (* - 2) • max _group(n, k) 

4-0 



3. Classify subframe: 

if({{maxjnes < decijnaxjnes & majcp < decijnajcp) | (VAD = 0)) & 
(LI?JiODE = l\Smit/s\4.S5kbitfs)) 
speech jnode = 0 /* c/owl * / 

speech jnode = 1 /* c/ass2 * / 



4. Check for change in background noise level, i.e. reset required: 
Check for decrease in level: 

if (updates_noise = 3 1 & max jnes <= 03) 

if(consecJow<15) 
consecJow++ 

endif . 
else 

consec Jow = 0 
endif 

43 

SUBSTITUTE SHEET (RULE 26) 



WO 00/1 J 655 



PCT/US99/I9135 



if(consecjow = 15) 

updatesjioise = 0 

levjeset = -I /* low level reset */ 
endif 



Check for increase in level: 

if ((updatesjioise >= 30 1 levjeset * -1) & maxmes > 1.5 & maj* < 0.70 & cp < 

0.85 

& kl< -0.4 & endmax2minmax < 50 & max2sum < 35 & slope > -100 & slope < 

120) 

if(consecJiigh<15) 

consec_high++ 
endif 
else 

consecjiigh = 0 
endif 

if (consechigh = 1 5 & endmax2minmax <6& max2sura < 5)) 

updatesjioise = 30 

levjeset = 1 /* high level reset */ 
endif 
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5. Update running mean of maximum of class 1 segments, i.e. stationary noise: 

n 

I * 1 . condition : regular update * / 

(maxjnes < updatejnaxjnes & majcp <0.6&q>< 0.65 & maxjnes > 0.3) | 

/ * 2. condition : VAD continued update * / 

(consecjadj) = 8)| 

/ * 3. condition : start - up/reset update * / 

(updates jioise < 30 & majcp < 0.7 & cp< 0.75 & < -0.4 & endmax2minmax <5& 
(levjeset *-l| (levjeset = -1 & maxjnes < 2))) 

) 

majnaxjioise(n) = 0.9 • majnaxjioise{n - 1) + 0. 1 • max(n) 

if '(updates jtoise £ 30) 
updates jtoise+ + 
else 

levjeset = 0 
endif 

where k x is the first reflection coefficient 

6. Update running mean of maximum of class 2 segments, i.e. speech, music, tonal-like 
signals, non-stationary noise, etc, continued from above: 

elseif(majp > update jnajp jpeech) 
if (updates jpeech £ 80) 

else 

^=0.999 
endif 

majnaxjpeech(n) = • majnaxjpeech(n - 1) + (1 - ) • max(n) 

if (updates jpeech £ 80) 
updates jpeech + + 
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The final classifier (excjreselect) provides the final class, excjnode, and the subframe 
based smoothing parameter, fl^(n) . It has three steps: 

1. Calculate parameters: 



Maximum amplitude of ideal excitation in current subframe: 
= maxjres2(/)J,/ = 0 LJF-\) 



Measure of relative maximum: 



2, Classify subframe and calculate smoothing: 

if (speech jnode = 1 1 maxjnes^ Z 1 .75) 
excjnode = 7 /*class2*/ 

Njnodejub{n) & -4 

excjnode = 0 /*classl*/ 
Njnodejub(n) = Njnodejub{n - 1) + 1 
if{Njnodejub(n) > 4) 
Njnodejub(n) = 4 

if(Njnodejub(n) > 0) 
0 7 

= y • {Njnodejub{n) - 1) 2 

end/ 
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3. Update running mean of maximum: 
ifimaxjnes^ < 0.5) 
if(consec< 51) 
consec + + 
endif 
else 

consec = 0 
endif 



if((excjnode = 0 & (maxjnes^ > 0.5 1 awuec > 50)) | 
(updates £ 30 & aw jsp < 0.6 &cp< 0.65)) 
ma_max(n) = 0.9 • majnax(n - 1) + 0.1 • mor^/i) 
if (updates £30) 
updates + + 
endif 
endif 

When this process is completed, the final subframe based classification, excjnode, and the 
smoothing parameter, Psub(n), are available. 

To enhance the quality of the search of the fixed codebook 261, the target signal, 
T g (n), is produced by temporally reducing the LTP contribution with a gain factor, G r : 

T g (n) = Tgs(n).G r * & .Y a (n), n=0,l,...,39 

where Tg/n) is the original target signal 253, Y g (n) is the filtered signal from the adaptive 

codebook, g p is the LTP gain for the selected adaptive codebook vector, and the gain factor is 

determined according to the normalized LTP gain, Rp, and the bit rate: 

if (rate <=0) l*for 4.45kbps and 5.8kbps*/ 
G r °0.7R,+0.3; 
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if (rate = I) /* for 6.65kbps*/ 
G r = 0.6R p +0.4; 

if (rate ==2) I* for 8.0kbps */ 
G r = 0.3R p +0.7; 

if (rate==3) I* for 11.0kbps V 
Gr'0.95; 

if (T op >LJF& g p >0.5 & rate<=2) 
G r <=G,{0.3R , +0.7) ;and 

where normalized LTP gain, Rp, is defined as: 



V««0 Vn=0 

Another factor considered at the control block 275 in conducting the fixed codebook 
search and at the block 401 (Fig. 4) during gain normalization is the noise level + ")" which is 
given by: 




max {(£„- 100), 0.0} 



where £, is the energy of the current input signal including background noise, and E n is a 
running average energy of the background noise. £„ is updated only when the input signal is 
detected to be background noise as follows: 

if (first background noise frame is true) 

E, = 0.75E,; 
else if (background noise frame is true) 

E n = 0.75E*_ m + Q.2SE t ; 

where E njn is the last estimation of the background noise energy. 

For each bit rate mode, the fixed codebook 261 (Fig. 2) consists of two or more 

subcodebooks which are constructed with different structure. For example, in the present 

embodiment at higher rates, all the subcodebooks only contain pulses. At lower bit rates, one 
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of the subcodebooks is populated with Gaussian noise. For the lower bit-rates (e.g., 6.65, 5.8, 
4.55 kbps), the speech classifier forces the encoder to choose from the Gaussian subcodebook 
in case of stationary noise-like subframes, excjnode = 0. For excjnode = 1 all 
subcodebooks are searched using adaptive weighting. 

For the pulse subcodebooks* a fast searching approach is used to choose a 
subcodebook and select the code word for the current subframe. The same searching routine 
is used for all the bit rate modes with different input parameters. 

In particular, the long-term enhancement filter,' Fp(z) f is used to filter through the 

selected pulse excitation. The filter is defined as F p (z) - ^ _ ^ z ~Ty where T is the 

integer part of pitch lag at the center of the current subframe, and p is the pitch gain of 
previous subframe, bounded by [0.2, 1 .0]. Prior to the codebook search, the impulsive 
response h(n) includes the filter F/z). 

For the Gaussian subcodebooks, a special structure is used in order to bring down the 
storage requirement and the computational complexity. Furthermore, no pitch enhancement is 
applied to the Gaussian subcodebooks. 

There are two kinds of pulse subcodebooks in the present AMR coder embodiment 
All pulses have the amplitudes of +1 or -1. Each pulse has 0, 1, 2, 3 or 4 bits to code the 
pulse position. The signs of some pulses are transmitted to the decoder with one bit coding 
one sign. The signs of other pulses are determined in a way related to the coded signs and 
their pulse positions. 

In the first kind of pulse subcodebook, each pulse has 3 or 4 bits to code the pulse 
position. The possible locations of individual pulses are defined by two basic non-regular 
tracks and initial phases: 

POS(n pt i) = TRACK{m p ,i) + PHAS{n p /phasjnode) , 
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where i=0. 1 7 or 15 (corresponding lo 3 or 4 bits to code the position), is the possible 

position index, n„ = 0. ...,N„.l (N p is the total number of pulses), distinguishes different 

pulses, m p =0 or 1, defines two tracks, and phase_mode=0 or 1, specifies two phase modes. 

For 3 bits to code the pulse position, the two basic tracks are: 

{ TRACK(0,i) MO, 4, 8, 12, 18, 24, 30, 36}, and 
{ TRACK(l.i) MO, 6. 12, 18, 22, 26. 30. 34}. 

If the position of each pulse is coded with 4 bits, the basic tracks are: 

/ TRACKM) HO, 2, 4, 6. 8, 10. 12. 14, 17. 20. 23, 26. 29. 32. 35. 38}, and 
{TRACK(l,i)H0. 3. 6, 9. 12. 15. 18. 21, 23. 25. 27, 29, 31, 33, 35. 37}. 

The initial phase of each pulse is fixed as: 

PHAS(n p ,0) = modutus(n p /MAXPHAS) 
PHAS{n p ,1) = PHAS(N p - 1 - n p , 0) 

where MAXPHAS is the maximum phase value. 

For any pulse subcodebook, at least the first sign for the first pulse, SlGNfitp), n t =0, is 
encoded because the gain sign is embedded. Suppose N+, is the number of pulses with 
encoded signs; that is, SIGNfnJ.for «,<^, iB ,<=A^ is encoded while SIGNfnJ./or 
"p>=N«p„ is not encoded. Generally, ail the signs can be determined in the following way: 
SIGN(np)= - SIGN(n p -l),for n p >=jV^, 

due to that the pulse positions are sequentially searched fiom n p =0 to n p =N p -l using an 
iteration approach. If two pulses are located in the same track while only the sign of the first 
pulse in the track is encoded, the sign of the second pulse depends on its position relative to 
the first pulse. If the position of the second pulse is smaller, then it has opposite sign, 
otherwise it has the same sign as the first pulse. 

In the second kind of pulse subcodebook, the innovation vector contains 10 signed 
pulses. Each pulse has 0, 1, or 2 bits to code the pulse position. One subframe with the size 
of 40 samples is divided into 10 small segments with the length of 4 samples. 10 pulses are 
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respectively located into 10 segments. Since the position of each pulse is limited into one 
segment, the possible locations for the pulse numbered with n p are, {4n p }, {An^ 4n p +2} t or 
{4np, 4n p +l t 4n p +2, 4n p +3 } t respectively for 0, 1, or 2 bits to code.the pulse position. All 
the signs for all the 10 pulses are encoded. 

The fixed codebook 261 is searched by minimizing the mean square error between the 
weighted input speech and the weighted synthesized speech. The target signal used for the 
LTP excitation is updated by subtracting the adaptive codebook contribution. That is: 

x 2 (n)=x(n)-g p y(n), n=0,.,J9, 
where y(n)=v(n)+h(n) is the filtered adaptive codebook vector and g p is the modified 
(reduced) LTP gain. 

'~ If Cjt is the code vector at index A from the fixed codebook, then the pulse codebook 
is searched by maximizing the term: 



E Dk c' k <l>c k 

where d = H'x 3 is the correlation between the target signal x 2 (/t) and the impulse response 



diagonals A(l)....,A(39), and <D = H'H is the matrix of correlations of A(n). The vector d 
(backward filtered target) and the matrix O are computed prior to the codebook search. The 
elements of the vector d are computed by: 
39 

d(n)=%x 2 (i)h(i-n). «=0,..39 v 

and the elements of the symmetric matrix 0 are computed by: 




h(n) f H is a the lower triangular Toepliz convolution matrix with diagonal *(0) and lower 
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The correlation in the numerator is given by: 



where m, is the position of the i th pulse and S t is its amplitudei For the complexity reason, 
all the amplitudes } are set to +! or -!; that is, 
S^SIGN(i) t / = /, p = 0,....,^-l. . 
The energy in the denominator is given by: 

1=0 /«o y-i+i 

To simplify the search procedure, the pulse signs are preset by using the signal b(n ) t 
which is a weighted sum of the normalized d(n) vector and the normalized target signal of 
x 2 (n) in the residual domain res2(n): 



If the sign of the i th (i=n p ) pulse located at m, is encoded, it is set to the sign of signal b(n ) 
at that position, i.e., SIGN(i)=$\&i[b(mi)]. 

In the present embodiment, the fixed codebook 261 has 2 or 3 subcodebooks for each 
of the encoding bit rates. Of course many more might be used in other embodiments. Even 
with several subcodebooks, however, the searching of the fixed codebook 261 is very fast 
using the following procedure. In a first searching turn, the encoder processing circuitry 
searches the pulse positions sequentially from the first pulse (n p =0) to the last pulse {n p =N p - 
1) by considering the influence of all the existing pulses. 

In a second searching turn, the encoder processing circuitry coiTects each pulse 
position sequentially from the first pulse to the last pulse by checking the criterion value Ak 
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contributed from all the pulses for all possible locations of the current pulse. In a third turn, 
the functionality of the second searching turn is repeated a final time. Of course further turns 
may be utilized if the added complexity is not prohibitive. 

The above searching approach proves very efficient, because only one position of one 
pulse is changed leading to changes in only one term in the criterion numerator C and few 
terms in the criterion denominator Ed for each computation of the A*. As an example, 
suppose a pulse subcodebook is constructed with 4 pulses and 3 bits per pulse to encode the 
position. Only 96 (Apulsesxl* positions per pube*3turns=96) simplified computations of 
the criterion A\ need be performed. 

Moreover, to save the complexity, usually one of the subcodebooks in the fixed 
codebook 261 is chosen after finishing the first searching turn. Further searching turns are 
done only with the chosen subcodebook. In other embodiments, one of the subcodebooks 
might be chosen only after the second searching turn or thereafter should processing 
resources so permit 

The Gaussian codebook is structured to reduce the storage requirement and the 
computational complexity. A comb-structure with two basis vectors is used. In the comb- 
structure, the basis vectors are orthogonal, facilitating a low complexity search. In the AMR 
coder, the first basis vector occupies the even sample positions, (0,2,... 38) > and the second 
basis vector occupies the odd sample positions, (1,3,. ..,39). 

The same codebook is used for both basis vectors, and the length of the codebook 
vectors is 20 samples (half the subframe size). 

All rates (6.65, 5.8 and 4.55 kbps) use the same Gaussian codebook. The Gaussian 
codebook, CB^, has only 10 entries, and thus the storage requirement is 10-20 = 200 16- 
bit words. From the 10 entries, as many as 32 code vectors are generated. An index, idx s , to 

53 

SUBSTITUTE SHEET (RULE 26) 

BNSOOOO: <WO OOl !0SSA1JA> 



WO 00/11655 



t 

PCT/US99/19135 



one basis vector 22 populates the corresponding part of a code vector, , in the following 



way: 



c id , # (2-(/+20.r)+^ = CT Clul ,(/ > /) / = 0,l,...,r-l 



where the table entry, /, and the shift, r , are calculated from the index, idx 6 , according to: 
r = truncjfdx s i 10} 

and S is 0 for the first basis vector and 1 for the second basis vector. In addition, a sign is 



applied to each basis vector. 

Basically, each entry in the Gaussian table can produce as many as 20 unique vectors, 
all with the same energy due to the circular shift. The 10 entries are all normalized to have 
identical energy of 0.5, i.e., 



That means that when both basis vectors have been selected, the combined code vector, 
c idx,Au l » W >N have unity energy, and thus the final excitation vector from the Gaussian 
subcodebook will have unity energy since no pitch enhancement is applied to candidate 
vectors from the Gaussian subcodebook. 

The search of the Gaussian codebook utilizes the structure of the codebook to 
facilitate a low complexity search. Initially, the candidates for the two basis vectors ait 
searched independently based on the ideal excitation, res r For each basis vector, the two 
best candidates, along with the respective signs, are found according to the mean squared 
error. This is exemplified by the equations to find the best candidate, index idx s , and its sign, 
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s* 4 =sign^2)w 1 (2-i + tf)-c l4g (2'/+*) 

where is the number of candidate entries for the basis vector. The remaining 
parameters are explained above. The total number of entries in the Gaussian codebook is 
2 . The fine search minimizes the error between the weighted speech and the 

weighted synthesized speech considering the possible combination of candidates for the two 
basis vectors from the pre-selection. If is the Gaussian code vector from the candidate 
vectors represented by the indices k Q and k } and the respective signs for the two basis 
vectors, then the final Gaussian code vector is selected by maximizing the term: 

A jyutiMiL 

over the candidate vectors, d = H'x, is the correlation between the target signal x 2 (w) and 
the impulse response k(n) (without the pitch enhancement), and H is a the lower triangular 
Toepliz convolution matrix with diagonal h(0) and lower diagonals h(l) A(39) t and 

d> = H'H is the matrix of correlations of 

More particularly, in the present embodiment, two subcodebooks are included (or 
utilized) in the fixed codebook 261 with 31 bits in the 1 1 kbps encoding mode. In the first 
subcodebook, the innovation vector contains 8 pulses. Each pulse has 3 bits to code the pulse 
position. The signs of 6 pulses are transmitted to the decoder with 6 bits. The second 
subcodebook contains innovation vectors comprising 1 0 pulses. Two bits for each pulse are 
assigned to code the pulse position which is limited in one of the 10 segments. Ten bits are 
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spent for 10 signs of the 10 pulses. The bit allocation for the subcodebooks used in the fixed 

codebook 261 can be summarized as follows: 

Subcodebookl : 8 pulses X 3 bits/pulse + 6 signs - 30 bits . 
SubcodebooU: 10 pulses X 2 bits/pulse + JO signs =30 bits 

One of the two subcodebooks is chosen at the block 275 (Fig. 2) by favoring the 

second subcodebook using adaptive weighting applied when comparing the criterion value 

Fl from the first subcodebook to the criterion value F2 from the second subcodebook: 

if(W e *Fl > F2), the first subcodebook is chosen, 
else, the second subcodebook is chosen, 

where the weighting, 0<W C <*=1, is defined as: 

J 1.0, if P m <05. 

W < "{LO-OJ P m (LO-OJ*,) + 0i, L0}, 

Pnsr is the background noise to speech signal ratio (i.e., the "noise level" in the block 279), 

R p is the normalized LTP gain, and Pthcrp is the sharpness parameter of the ideal excitation 

res2(n) (i.e., the "sharpness" in the block 279). 

In the 8 kbps mode, two subcodebooks are included in the fixed codebook 261 with 

20 bits. In the first subcodebook, the innovation vector contains 4 pulses. Each pulse has 4 

bits to code the pulse position. The signs of 3 pulses are transmitted to the decoder with 3 

bits. The second subcodebook contains innovation vectors having 10 pulses. One bit for 

each of 9 pulses is assigned to code the pulse position which is limited in one of the 10 

segments. Ten bits are spent for 1 0 signs of the 1 0 pulses. The bit allocation for the 

subcodebook can be summarized as the following: 

Subcodebookl: 4 pulses X 4 bits/pulse + 3 signs =/P bits 

Subcodebookl: 9 pulses X 1 bits/pulse + / pulse X Obit + 10 signs =19 bits 

One of the two subcodebooks is chosen by favoring the second subcodebook using adaptive 

weighting applied when comparing the criterion value Fl from the first subcodebook to the 
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criterion value F2 from the second subcodebook as in the 1 1 kbps mode. The weighting, . 
0<W c <=l t is defined as: 

W c =1.0 - 0.6 P m (1.0- 05 *,)-min [P^ + Oi, 1.0} . 

The 6.65kbps mode operates using the long-term preprocessing (PP) or the traditional 
LTP. A pulse subcodebook of 18 bits is used when in the PP-mode. A total of 13 bits are 
allocated for three subcodebooks when operating in the LTP-mode. The bit allocation for the 
subcodebooks can be summarized as follows: 
PP-mode: 

Subcodebook: 5 pulses X 3 bits/pulse + 3 signs =/5 bits 
LTP-mode: 

Subcodebookl: 3 pulses X 3 bits/pulse + 3 signs =12 bits, phase jnode-1, 
SubcodebooU: 3 pulses X 3 bits/pulse + 2 signs =11 bits, phase jnode=0. 
Subcodebook3: Gaussian subcodebook of 11 bits. 

One of the 3 subcodebooks is chosen by favoring the Gaussian subcodebook when searching 

with LTP-mode. Adaptive weighting is applied when comparing the criterion value from the 

two pulse subcodebooks to the criterion value from the Gaussian subcodebook. The 

weighting, 0<W C <=1, is defined as: 

^=1.0 -09 /for (LO-Oi/J^ min^ +OS, 1.0}, 

if (noise -like unvoiced), W e *W e • (tefl/W- Jfo,)+0«) ; 

The 5.8 kbps encoding mode works only with the long-term preprocessing (PP). 

Total 14 bits are allocated for three subcodebooks. The bit allocation for the subcodebooks 

can be summarized as the following: 

Subcodebookl: 4 pulses X 3 bits/pulse + 1 signs =13 bits, phase jnode=l, 
Subcodebook2: 3 pulses X 3 bits/pulse + 3 signs =12 bits, phase jnode=0,' 
Subcodebook3: Gaussian subcodebook of 12 bits. 

One of the 3 subcodebooks is chosen favoring the Gaussian subcodebook with aaptive 

weighting applied when comparing the criterion value from the two pulse subcodebooks to 

the criterion value from the Gaussian subcodebook. The weighting, 0<W C <=1, is defined as: 
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W € 4S>-P m (\A-0.5R,)wmiP^ +0.6,1.0} , 

if (noise - likeunvoiced) t W c <=W e -(0.3*, (1.0 - ?^)+ 0.7) . 

The 4.55 kbps bit rate mode works only with the long-term preprocessing (PP). Total 

10 bits are allocated for three subcodebooks. The bit allocation for the subcodebooks can be 

summarized as the following: 

Subcodebookl: 2 pulses X 4 bits/pulse + 1 signs -P bits, phase jnode-h 
Subcodebook2: 2 pulses X 3 bits/pulse + 2 signs -8 bits, phase jnode~O t 
Subcodebook3: Gaussian subcodebook of 8 bits. 

One of the 3 subcodebooks is chosen by favoring the Gaussian subcodebook with weighting 

applied when comparing the criterion value from the two pulse subcodebooks to the criterion 

value from the Gaussian subcodebook. The weighting, 0<W c <=J 9 is defined as: 

W c = L0- UPwt (L0 - Oi R p ) min (P^ + 0.6, L0} , 

if {noise-like unvoiced), W e ^W e (0.6 ^(10-?^)+ 0.4). 

For 4.55, 5.8, 6.65 and 8.0 kbps bit rate encoding modes, a gain re-optimization 
procedure is performed to jointly optimize the adaptive and fixed codebook gains, g p and 
g e , respectively, as indicated in Fig. 3. The optimal gains are obtained from the following 
correlations given by: 

g '~ R 2 9 

where R } =<C p ,T p >, R 2 =<C„C, >, R> =<C p ,C, >,/?« =<C„f p >,and 

R s =< C p , C p > . C f , C p , and f p are filtered fixed codebook excitation, filtered adaptive 

codebook excitation and the target signal for the adaptive codebook search. 
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For 1 1 kbps bit rate encoding, the adaptive codebook gain, g p , remains the same as 
that computed in the closeloop pitch search. The fixed codebook gain, g c , is obtained as: 

where R 6 =< C e J t > and T g = f p -g p C p . 

Original CELP algorithm is based on the concept of analysis by synthesis (waveform 
matching). At low bit rate or when coding noisy speech, the waveform matching becomes 
difficult so that the gains are up-down, frequently resulting in unnatural sounds. To 
compensate for this problem, the gains obtained in the analysis by synthesis close-loop 
sometimes need to be modified or normalized. 

—There are two basic gain normalization approaches.- One is called open-loop approach 
which normalizes the energy of the synthesized excitation to the energy of the unquantized 
residual signal. Another one is close-loop approach with which the normalization is done 
considering the perceptual weighting. The gain normalization factor is a linear combination 
of the one from the close-loop approach and the one from the open-loop approach; the 
weighting coefficients used for the combination are controlled according to the LPC gain. 

The decision to do the gain normalization is made if one of the following conditions is 
met: (a) the bit rate is 8.0 or 6.65 kbps, and noise-like unvoiced speech is true; (b) the noise 
level Pm is lar^r than 0.5; (c) the bit rate is 6.65 kbps, and the noise level Pm is larger 
than 0.2; and (d) the bit rate is 5.8 or 4.45kbps. 

The residual energy, £,« , and the target signal energy, E Tg , , are defined respectively 
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E m = Jr« ! («) 



L SF-l 



Then the smoothed open-loop energy and the smoothed closed-loop energy are evaluated by: 

if (first subframe is true) 
else 

if (first subframe is true) 
Cl_Eg=E T „ 

else 

Cl^Eg^P^Cl^Eg + il-p^E^ 

where fisub is the smoothing coefficient which is determined according to the classification. 
After having the reference energy, the open-loop gain normalization factor is calculated: 



where C«/ is 0.8 for the bit rate 11.0 kbps, for the other rates Cei is 0.7, and v(n) is the 
excitation: 

v(n) - v 0 (n)gp + Vefajfc. n=0,l XJF-l 

where g p and & are unquantized gains. Similarly, the closed-loop gain normalization factor 
is: 



a_ g = mn{ c d , H } 

2>'(») *> 
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where Cd is 0.9 for the bit rate 1 1.0 kbps, for the other rates is 0.8, and y(n) is the filtered 
signal (y(n)=v(n)*h(n)): 

y(n)=yo(n)g p +yc(n)gc. n=0,l LJF-1. 

The final gain noimalization factor, g/, is a combination of Cl_g and Ol_g, controlled 
in terms of an LPC gain parameter, Cu>c, 
if (speech is true or the rate is 11kbps) 

g f =Cu> c Ol_g + (I'Clpc)Oj 

gf = MAX(L0,g$ 

gf^MINfyJ+Cud 
if (background noise is true and the rate is smaller than 11 kbps) 

grL2MIN{Cl_£,Ol_g) 
where Clpc is defined as: 

Cue - MIN{sqrt(ErJE T8S ) t 0.8}/0.8 
Once the gain normalization factor is determined, the unquantized gains are modified: 

For 4.55 ,5.8, 6.65 and 8.0 kbps bit rate encoding, the adaptive codebook gain and the 
fixed codebook gain are vector quantized using 6 bits for rate 4.55 kbps and 7 bits for the 
other rates. The gain codebook search is done by minimizing the mean squared weighted 
error. Err , between the original and reconstructed speech signals: 

£/T =ll f p-^ p -g c c|. 

For rate 1 1.0 kbps, scalar quantization is performed to quantize both the adaptive 
codebook gain, g p , using 4 bits and the fixed codebook gain, g c , using 5 bits each. 
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The fixed codebook gain, g t , is obtained by MA prediction of the energy of the 
scaled fixed codebook excitation in the following manner. Let £(/i)be the mean removed 
energy of the scaled fixed codebook excitation in (dB) at subframe n be given by: 

£(«) = 101og(lg f 2 fc J (/))-£, 

where c(i) is the unsealed fixed codebook excitation, and E = 30 dB is the mean energy of 
scaled fixed codebook excitation. 
The predicted energy is given by: 

£(«)=IM(«-o 

w 

where [b^b^ [0.680.580.340.19] are the MA prediction coefficients and R(n) is the 
quantized prediction error at subframe n . 

The predicted energy is used to compute a predicted fixed codebook gain g e (by 

substituting E(n) by E(n) and g € by g e ). This is done as follows. First, the mean energy of 
the unsealed fixed codebook excitation is computed as: 

^=ioiog(i-|;c 2 (i)), 

and then the predicted gain g' e is obtained as: 
. (0.05(£(n)+£-. ( ) 

A correction factor between the gain, g c , and the estimated one, g\ , is given by: 




It is also related to the prediction error as: 
!?(*)» £(n)-£(ii)»20Iogr. 
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The codebook search for 4.55, 5.8, 6.65 and 8.0 kbps encoding bit rates consists of . 
two steps. In the first step, a binary search of a single entry table representing the quantized 
prediction error is performed. In the second step, the index Index _ 1 of the optimum entry 
that is closest to the unquantized prediction error in mean square error sense is used to limit 
the search of the two-dimensional VQ table representing the adaptive codebook gain and the 
prediction error. Taking advantage of the particular arrangement and ordering of the VQ 
table, a fast search using few candidates around the entry pointed by Index _1 is performed. 
In fact, only about half of the VQ table entries are tested to lead to the optimum entry with 
Index _ 2 . Only Index _ 2 is transmitted. 

For 1 1.0 kbps bit rate encoding mode, a full search of both scalar gain codebooks are 
used to quantize g p and g e . For g p , the search is performed by minimizing the error 
Err = abs(g p -£-)• Whereas for g € , the search is performed by minimizing the error 

An update of the states of the synthesis and weighting filters is needed in order to 
compute the target signal for the next subframe. After the two gains are quantized, the 
excitation signal, u(n) , in the present subframe is computed as: 

«(«) = g ,v(/i)+ gA n )> n = W9 , 

where g p and g c are the quantized adaptive and fixed codebook gains respectively, v(n) the 
adaptive codebook excitation (interpolated past excitation), and c(n) is the fixed codebook 
excitation. The state of the filters can be updated by filtering the signal r(n) - u(n) through 
the filters 1/I(r)and W{z) for the 40-sample subframe and saving the states of the filters. 
This would normally require 3 filterings. 
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A simpler approach which requires only one filtering is as follows. The local 
synthesized speech at the encoder, s(n) , is computed by filtering the excitation signal 
through 1/1(2) . The output of the filter due to the input r(n) - u(n) is equivalent to 
e(n) * s(n) - i(n) , so the states of the synthesis filter 1/ A(z) are given by e(«), n = 0,39. 
Updating the states of the filter W(z) can be done by filtering the error signal e(n) through 
this filter to find the perceptually weighted error e w (n). However, the signal e w (n) can be 
equivalent^ found by: 
eM = T p (n)-g p C p (n)-g c C c (n). 

The states of the weighting filter are updated by computing e v (n) for n = 30 to 39. 
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The function of the decoder consists of decoding the transmitted parameters (dLP 
parameters, adaptive codebook vector and its gain, fixed codebook vector and its gain) and 
performing synthesis to obtain the reconstructed speech. The reconstructed speech is then 
postfiltered and upscale! 

The decoding process is performed in the following order. First, the LP filter 
parameters are encoded. The received indices of LSF quantization are used to reconstruct the 
quantized LSF vector. Interpolation is performed to obtain 4 interpolated LSF vectors 
(corresponding to 4 subframes). For each subframe, the interpolated LSF vector is converted 
to LP filter coefficient domain, c 4 , which is used for synthesizing the reconstructed speech in 
the subframe. 

For rates 4.55, 5.8 and 6.65 (during PPjnode) kbps bit rate encoding modes, the 
received pitch index is used to interpolate the pitch lag across the entire subframe. The 
following three steps are repeated for each subframe: 

1) Decoding of the gains: for bit rates of 4.55, 5.8, 6.65 and 8.0 kbps, the received index is 
used to find the quantized adaptive codebook gain, g p , from the 2-dimensional VQ table. 
The same index is used to get the fixed codebook gain correction factor f from the same 
quantization table. The quantized fixed codebook gain, g c , is obtained following these 
steps: 

• the predicted energy is computed E(n) = ]T b t R(n - 1) ; 

• the energy of the unsealed fixed codebook excitation is calculated 
* as f^lOlog^Jc^OJiand 
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• frt (0.05(£(n)+£-£ f ) 
• the predicted gain g e is obtained as g t = 10 ' . 

The quantized fixed codebook gain is given as g t = fg t , For 1 1 kbps bit rate, the 
received adaptive codebook gain index is used to readily find the quantized adaptive 
gain, g p from the quantization table. The received fixed codebook gain index gives 
the fixed codebook gain correction factor y . The calculation of the quantized fixed 
codebook gain, J c follows the same steps as the other rates. 

2) Decoding of adaptive codebook vector for 8.0 ,1 1 .0 and 6.65 (during LTP_mode=l) kbps 
bit rate encoding modes, the received pitch index (adaptive codebook index) is used to 
find the integer and fractional parts of the pitch lag. The adaptive codebook v(n) is . 
found by interpolating the past excitation u(n) (at the pitch delay) using the FIR filters. 

3) Decoding of fixed codebook vector: the received codebook indices are used to extract the 
type of the codebook (pulse or Gaussian) and either the amplitudes and positions of the 
excitation pulses or the bases and signs of the Gaussian excitation. In either case, the 
reconstructed fixed codebook excitation is given as c(n) . If the integer part of the pitch 
lag is less than the subframe size 40 and the chosen excitation is pulse type, the pitch 
sharpening is applied. This translates into modifying c(n) as c(n) = c(n) + fic(n -T) , 
where P is the decoded pitch gain g , from the previous subframe bounded by [0.2,1.0]. 

The excitation at the input of the synthesis filter is given by 
w(n) = i ,*(") + gA*)* » = 0,39 . Before the speech synthesis, a post-processing of the 
excitation elements is performed. This means that the total excitation is modified by 
emphasizing the contribution of the adaptive codebook vector 



u(n) = 



«(n) + 0.25^v(/i), | p >0.5 
u(n), f,<=0.5 
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Adaptive gain control (AGC) is used to compensate for the gain difference between the 
unemphasized excitation u(n) and emphasized excitation u(n) : The gain scaling factor rj 
for the emphasized excitation is computed by: 



7 = 



I« 2 (n) 

f,>o.s 



1.0 £,<=0.5 
The gain-scaled emphasized excitation u(n) is given by: 
u(n) = rju(n). 

The reconstructed speech is given by: 



s(n) = u(n) - £ vXn - 0,n = 0 to 39 1 



where a,are the interpolated LP filter coefficients. The synthesized speech f(n)is then 
passed through an adaptive postfilter. 

Post-processing consists of two functions: adaptive postfiltering and signal up-scaling. 
The adaptive postfilter is the cascade of three filters: a formant postfilter and two tilt 
compensation filters. The postfilter is updated every subframe of 5 ms. Theformant 
postfilter is given by: 



Vr., 

where A(z)is the received quantized and interpolated LP inverse filter and y m and y 4 control 
the amount of the formant postfiltering. 

The first tilt compensation filter H tl (z) compensates for the tilt in the formant 

postfilter H f (z) and is given by: 
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where ft = y fX k x is a tilt factor, with it, being the first reflection coefficient calculated on the 

r (1) 

truncated impulse response h f {n) , of the foimant postfilter k x = with: 



The postfiltering process is performed as follows. First, the synthesized speech s(n) 
is inverse filtered through A(j/)to produce the residual signal r(n). The signal r(n) is 



filtered by the synthesis filter l/ A(zly i ) is passed to the first tilt compensation filter 
h n (z) resulting in the postfiltered speech signal s f («) . 

Adaptive gain control (AGC) is used to compensate for the gain difference between 
the synthesized speech signal J(n)and the postfiltered signal s f (n). The gain scaling factor 
Y for the present subframe is computed by: 



The gain-scaled postfiltered signal s{n) is given by: 

where J3(n) is updated in sample by sample basis and given by: 
#n) = a#n-l)+(l-a)r 

where a is an AGC factor with value 0.9. Finally, up-scaling consists of multiplying the 
postfiltered speech by a factor 2 to undo the down scaling by 2 which is applied to the input 





r = 




signal. 
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Figs. 6 and 7 are drawings of an alternate embodiment of a 4 kbps speech codec that 
also illustrates various aspects of the present invention. In particular, Fig. 6 is a block 
diagram of a speech encoder 601 that is built in accordance with the present invention. The 
speech encoder 601 is based on the analysis-by-synthesis principle. To achieve toll quality at 
4 kbps, the speech encoder 601 departs from the strict waveform-matching criterion of 
regular CELP coders and strives to catch the perceptual important features of the input signal. 

The speech encoder 601 operates on a frame size of 20 ms with three subframes (two 
of 6.625 ms and one of 6.75 ms). A look-ahead of 15 ms is used. The one-way coding delay 
of the codec adds up to 55 ms. 

At a block 615, the spectral envelope is represented by a 10 th order LPC analysis for 
each frame. The prediction coefficients are transformed to the Line Spectrum Frequencies 
(LSFs) for quantization. The input signal is modified to better fit the coding model without 
loss of quality. This processing is denoted "signal modification" as indicated by a block 621. 
In order to improve the quality of the reconstructed signal, perceptual important features are 
estimated and emphasized during encoding. 

The excitation signal for an LPC synthesis filter 625 is build from the two traditional 
components: 1) the pitch contribution; and 2) the innovation contribution. The pitch 
contribution is provided through use of an adaptive codebook 627. An innovation codebook 
629 has several subcodebooks in order to provide robustness against a wide range of input 
signals. To each of the two contributions a gain is applied which, multiplied with their 
respective codebook vectors and summed, provide the excitation signal. 

The LSFs and pitch lag are coded on a frame basis, and the remaining parameters (the 
innovation codebook index, the pitch gain, and the innovation codebook gain) are coded for 
every subframe. The LSF vector is coded using predictive vector quantization. The pitch lag 
has an integer part and a fractional part constituting the pitch period. The quantized pitch 
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period has a non-uniform resolution with higher density of quantized values at lower delays. 
The bit allocation for the parameters is shown in the following table. 

Table of Bit Allocation 



Parameter 


Bits per 20 ms 


LSFs 


21 


Pitch tag (adaptive codebook) 


8 


Gains 


12 


Innovation codebook 


3x13 = 39 


Total 


80 



When the quantization of all parameters for a frame is complete the indices are multiplexed 
to form the 80 bits for the serial bit-stream. 

Fig. 7 is a block diagram of a decoder 701 with corresponding functionality to that of 
the encoder of Fig. 6. The decoder 701 receives the 80 bits on a frame basis from a 
demultiplexer 711. Upon receipt of the bits, the decoder 701 checks the sync-word for a bad 
frame indication, and decides whether the entire 80 bits should be disregarded and frame 
erasure concealment applied. If the frame is not declared a frame erasure, the 80 bits are 
mapped to the parameter indices of the codec, and the parameters are decoded from the 
indices using the inverse quantization schemes of the encoder of Fig. 6. 

When the LSFs, pitch lag, pitch gains, innovation vectors, and gains for the 
innovation vectors are decoded, the excitation signal is reconstructed via a block 7 IS. The 
output signal is synthesized by passing the reconstructed excitation signal through an LPC 
synthesis filter 721. To enhance the perceptual quality of the reconstructed signal both short- 
term and long-term post-processing are applied at a block 731. 

Regarding the bit allocation of the 4 kbps codec (as shown in the prior table), the 
LSFs and pitch lag are quantized with 21 and 8 bits per 20 ms, respectively. Although the 
three subframes are of different size the remaining bits are allocated evenly among them. 
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Thus, the innovation vector is quantized with 13 bits per subframe. This adds up to a total of 
80 bits per 20 ms, equivalent to 4 kbps. 

The estimated complexity numbers for the proposed 4 kbps codec are listed in the 
following table. AH numbers are under the assumption that the codec is implemented on 
commercially available 16-bit fixed point DSPs in full duplex mode. All storage numbers are 
under the assumption of 16-bit words, and the complexity estimates are based on the floating 
point C-source code of the codec. 



Table of Complexity Estimates 



Computational complexity 


30 MIPS 


Program and data ROM 


18 kwords 


RAM 


3kwords 



The decoder 701 comprises decode processing circuitry that generally . .operates 
pursuant to software control. Similarly, the encoder 601 (Fig. 6) comprises, encoder 
processing circuitry also operating pursuant to software control. Such processing circuitry 
may coexists, at least in part, within a single processing unit such as a single DSP. 
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Fig. 8 is a diagram illustrating a codebook built in accordance with the present 
invention in which each entry therein is used to generate a plurality of codevectors. 
Specifically, a first codebook 811 comprises a table of codevectors V 0 813 through V L 817, 
that is, codevectors Vo, V|, . .. , Vn, V L . A given codevector Cx(n> contains pulse definitions 
Co, Ci, C2, C3 ... , Cn-i, Cn. 

An initial sequence each of the codevector entries in the codebook 81 1 are selected to 
have a normalized energy level of one, to simplify search processing. Each of the codevector 
entries in the codebook 81 1 are used to generate a plurality of excitation vectors. With N-l 
shifts as illustrated by the bit positions 821, 823, 825 and 829, each codebook entry can 
generate N-l different excitation vectors, each having the normalized energy of one. 

More particularly, an initial shift of one each for each of the elements (pulse 
definitions) of the codevector entry generates an additional excitation vector 823. A further 
one bit shift generates codevector 825. Finally, the (N-l) 1 * 1 codevector 829 is generated, (hat 
is, the last unique excitation vector before an additional bit shift returns the bits to the 
position of the initial excitation vector 821. Thus, with less storage space, a single 
normalized entry can be used a plurality of times in an arrangement that greatly benefits in 
searching speed because each of the resultant vectors will have a normalized energy value of 
one. Such shifting may also be referred to as unwrapping or unfolding. 

Fig. 9 is an illustration of an alternate embodiment of the present invention 
demonstrating that the shifting step may be more than one. Again, codebook 91 1 comprises a 
table of codevectors V 0 913 through V L 917, that is codevectors V 0 , V|, ... , Vu, V L , therein 
the codevector Cx<N) contains bits Co, Ci, C2, C3, . , Cn-i, Cr. 

After initial codevector 921 is specified, an additional codevector 925 is generated by 
shifting the codevector elements (i.e., pulse definitions) by two at a time. Further shifting of 
the codevector bits generates additional codevectors until the (N-2) 0 * codevector 927 is 
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generated. Additional codevectors can be generated by shifting the initially specified 
codevector by any number of bits, theoretically from one to N-l bits. 

Figure 10 is an illustration of an alternate embodiment of the present invention 
demonstrating a pseudo-random population from a single codevector entry to generate a 
pluraliyt of codevectors therefrom. In particular, from a codevector 1021 a pseudo-random 
population of a plurality of new codevectors may be generated from each single codebook 
entry. A seed value for the population can be shared by both the encoder and decoder, and 
possibly used as a mechanism for at least low level encryption. 

Although the unfolding or unwrapping of a single entry may be only as needed during 
codebook searching, such processing may take place during the generation of a particular 
codebook itself. Additionally, as can be appreciated with reference to the searching 
processes set forth above, further benefits can be appreciated in ease and speed of searching 
using normalized excitation vectors. 

Of course, many other modifications and variations are also possible. In view of the 
above detailed description of the present invention and associated drawings, such other 
modifications and variations will now become apparent to those skilled in the art. It should 
also be apparent that such other modifications and variations may be effected without 
departing from the spirit and scope of the present invention. 

In addition, the following Appendix A provides a list of many of the definitions, 
symbols and abbreviations used in this application. Appendices B and C respectively provide 
source and channel bit ordering information at various encoding bit rates used in one 
embodiment of the present invention. Appendices A, B and C comprise part of the detailed 
description of the present application, and, otherwise, are hereby incorporated herein by 
reference in its entirety. 
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APPENDIX A 

For purposes of this application, the following symbols, definitions and abbreviations 



apply. 

adaptive codebook: 
adaptive postfilter: 



The adaptive codebook contains excitation vectors that are 
adapted for every subframe. The adaptive codebook is derived 
from the long term filter state. The pitch lag value can be 
viewed as an index into the adaptive codebook. 

The adaptive postfilter is applied to the output of the short term 
synthesis filter to enhance the perceptual quality of the 
reconstructed speech. In the adaptive multi-rate codec (AMR), 
the adaptive postfilter is a cascade of two filters: a formant 
postfilter and a tilt compensation filter. 

Adaptive Multi Rate codec: The adaptive multi-rate code (AMR) is a speech and channel 

codec capable of operating at gross bit-rates of 1 1 .4 kbps 
("half-rate") and 22.8 kbs ("foil-rate"). In addition, the codec 
may operate at various combinations of speech and channel 
coding (codec mode) bit-rates for each channel mode. 



AMR handover 

channel mode: 

channel mode adaptation: 

channel repacking: 

closed-loop pitch analysis: 



codec mode: 

codec mode adaptation: 

direct form coefficients: 



Handover between the foil rate and half rate channel modes to 
optimize AMR operation. 

Half-rate (HR) or full-rate (FR) operation. 

The control and selection of the (FR or HR) channel mode. 

Repacking of HR (and FR) radio channels of a given radio cell 
to achieve higher capacity within the cell. 

This is the adaptive codebook search, i.e., a process of 
estimating the pitch flag) value from the weighted input speech 
and the long tenn filter state. In the closed-loop search, the lag 
is searched using error minimization loop 
(analysis-by-synthesis). In the adaptive multi rate codec, 
closed-loop pitch search is performed for every subframe. 

For a given channel mode, the bit partitioning between the 
speech and channel codecs. 

The control and selection of the codec mode bit-rates. 
Normally, implies no change to the channel mode. 

One of the formats for storing the short term filter parameters. 
In the adaptive multi rate codec, all filters used to modify 
speech samples use direct form coefficients. 
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The fixed codebook contains excitation vectors for speech 
synthesis filters. The contents of the codebook are non-adaptive 
(i.e., fixed). In the adaptive multi rate codec, the fixed 
codebook for a specific rate is implemented using a multi- 
function codebook. 

A set of lag values having sub-sample resolution. In the 
adaptive multi rate codec a sub-sample resolution between 1/6* 
and 1.0 of a sample is used 

Full-rate channel or channel mode. 

A time interval equal to 20 ms (160 samples at an 8 kHz 
sampling rate). 

The bit-rate of the channel mode selected (22.8 kbps or 1 1 .4 
kbps). 

Half-rate channel or channel mode. 

Signaling for DTX, Link Control, Channel and codec mode 
modification, etc. carried within the traffic. 

A set of lag values having whole sample resolution. 

interpolating filter An FIR filter used to produce an estimate of sub-sample 

resolution samples, given an input sampled with integer sample 
resolution. 

inverse filter This filter removes the short tenn correlation from the speech 

signal. The filter models an inverse frequency response of the 
vocal tract 

lag: The long term filter delay. This is typically the true pitch 

period, or its multiple or sub-multiple. 

Line Spectral Frequencies: (see Line Spectral Pair) 

Line Spectral Pair Transformation of LPC parameters. Line Spectral Pairs are 

obtained by decomposing the inverse filter transfer function 
A(z) to a set of two transfer functions, one having even 
symmetry and the other having odd symmetry. The Line 
Spectral Pairs (also called as Line Spectral Frequencies) are the 
roots of these polynomials on the z-unit circle). 



fixed codebook: 

fractional lags: 

full-rate (FR): 
frame: 

gross bit-rate: 

half-rate (HR): 
in-band signaling: 

integer lags: 
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LP analysis window: 



LP coefficients: 



LTP Mode: 



mode: 



multi-function codebook: 



open-loop pitch search: 



out-of-band signaling: 

PPMode: 

residual: 

short term synthesis filter 



For each frame, the short term filter coefficients are computed 
using the high pass filtered speech samples within the analysis 
window. In the adaptive multi rate codec, the length of the 
analysis window is always 240 samples. For each frame, two 
asymmetric windows are used to generate two sets of LP 
coefficient coefficients which are interpolated in the LSF 
domain to construct the perceptual weighting filter. Only a 
single set of LP coefficients per frame is quantized and 
transmitted to the decoder to obtain the synthesis filter. A 
lookahead of 25 samples is used for both HR and FR. 

Linear Prediction (LP) coefficients (also referred as Linear 
Predictive Coding (LPC) coefficients) is a generic descriptive 
term for describing the short term filter coefficients. 

Codec works with traditional LTP. 

When used alone, refers to the source codec mode, i.e., to one 
of the source codecs employed in the AMR codec. (See also 
codec mode and channel mode.) - 

* 

A fixed codebook consisting of several subcodebooks 
constructed with different kinds of pulse innovation vector 
structures and noise innovation vectors, where codeword from 
the codebook is used to synthesize the excitation vectors. 

A process of estimating the near optimal pitch lag directly from 
the weighted input speech. This is done to simplify the pitch 
analysis and confine the closed-loop pitch search to a small 
number of lags around the open-loop estimated lags. In the 
adaptive multi rate codec, open-loop pitch search is performed 
once per frame for PP mode and twice per frame for LTP 
mode. 

Signaling on the GSM control channels to support link control. 

Codec works with pitch preprocessing. 

The output signal resulting from an inverse filtering operation. 

This filter introduces, into the excitation signal, short term 
correlation which models the impulse response of the vocal 
tract. 



perceptual weighting filter This filter is employed in the analysis-by-synthesis search of 

the codebooks. The filter exploits the noise masking properties 
of the fonmants (vocal tract resonances) by weighting the error 
less in regions near the formant frequencies and more in 
regions away from them. 
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subframe: 

vector quantization: 
zero input response: 
zero state response: 



A(z) 
A(z) 

A(z) 



1 

B(z) 
W{z) 

F £ (z) 
T 

P 



HAz)--mi^ 
1 A(z/y d ) 



A time interval equal to 5-10 ms (40-80 samples at an 8 kHz 
sampling rate). 

A method of grouping several parameters into a vector and 
quantizing them simultaneously. 

The output of a filter due to past inputs, i.e. due to the present 
state of the filter, given that an input of zeros is applied. 

The output of a filter due to the present input, given that no past 
inputs have been applied, i.e., given the state information in the 
filter is all zeroes. 

The inverse filter with unquantized coefficients 
The inverse filter with quantized coefficients 

The speech synthesis filter with quantized coefficients 

The unquantized linear prediction parameters (direct form 
coefficients) 

The quantized linear prediction parameters 
The long-term synthesis filter 

The perceptual weighting filter (unquantized coefficients) 
The perceptual weighting factors 
Adaptive pre-filter 

The nearest integer pitch lag to the closed-loop fractional pitch 
lag of the subframe 

The adaptive pre-filter coefficient (the quantized pitch gain) 
The formant postfilter 

Control coefficient for the amount of the formant post-filtering 
Control coefficient for the amount of the formant post-filtering 
Tilt compensation filter 
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y f Control coefficient for the amount of the tilt , compensation 

filtering 

p = y t k{ A tilt factor, with k{ being the first reflection coefficient 

h j(n) The truncated impulse response of the formant postfilter 

L h The length of hf(n) 

r H (i) The auto-coiTelations of hf(n) 

Afz/fn) The inverse filter (numerator) part of the formant postfilter 

1 /A(z ly&) The synthesis filter (denominator) part of the formant postfilter 

r(n) The residual signal of the inverse filter A(z /yj 

fyz) Impulse response of the tilt compensation filter 

p x (n) The AGC-controIled gain scaling factor of the adaptive 

postfilter 

a The AGC factor of the adaptive postfilter 

H kx (z) Pre-processing high-pass filter 

w ; (/i) , w n (n) LP analysis windows 

V* Length of the first part of the LP analysis window w /( n ) 

^2 (/) Length of the second part of the LP analysis window w /(") 

^i (/7) Length of the first part of the LP analysis window w ??( n ) 

h {n) Length of the second part of the LP analysis window w u ( n ) 

Tqc (k) The auto-correlations of the windowed speech tf(n) 

u^(i) Lag window for the auto-correlations (60 Hz bandwidth 

expansion) 

/o The bandwidth expansion in Hz 

f t The sampling frequency in Hz 
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The modified (bandwidth expanded) auto-correlations 

The prediction error in the ith iteration of the Levinson 
algorithm 

The ith reflection coefficient 

The yth direct form coefficient in the ith iteration of the 
Levinson algorithm 

Symmetric LSF polynomial 

Antisymmetric LSF polynomial 

Polynomial F x (z) with root z = -1 eliminated 

Polynomial hi z ) with root z » 1 eliminated 

The line spectral pairs (LSFs) in the cosine domain 

An LSF vector in the cosine domain 

The quantized LSF vector at the ith sub frame of the frame n 

The line spectral frequencies (LSFs) 
A m th order Chebyshev polynomial 
The coefficients of the polynomials F } (z) and F 2 (z) 

The coefficients of the polynomials F x (z) and F 2 (z) 
The coefficients of either F x (z) or F 2 (z) 
Sum polynomial of the Chebyshev polynomials 
Cosine of angular frequency m 

Recursion coefficients for the Chebyshev polynomial 
evaluation 

The line spectral frequencies (LSFs) in Hz 
The vector representation of the LSFs in Hz 
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z (l) (n) t z l %) The mean-removed LSF vectors at frame n 

T^(n ) , r^(n ) The LSF prediction residual vectors at frame n 

p(«) The predicted LSF vector at frame n 

r^fn - 1 ) The quantized second residual vector at the past frame 

f k The quantized LSF vector at quantization index k 

Eisp The LSF quantization error 

w it i « U.JO, LSF-quantization weighting factors 

d t The distance between the line spectral frequencies f M and 

/w 

h(n ) The impulse response of the weighted synthesis filter 

O k The correlation maximum of open-loop pitch analysis at delay 

k 

O tf ,f=l,...,3 The correlation maxima at delays t h i = l t ...,3 

(A^,/,),i=l,...,3 The normalized correlation maxima M % and the corresponding 

delays /,,/ = 1,... 3 

H(z)W(z)= * A{ ? lr ^ The weighted synthesis filter 
A(z)A{z/y 2 ) 

A(z/f\) The numerator of the perceptual weighting filter 

l/A(z /fi) Th e denominator of the perceptual weighting filter 

7] The nearest integer to the fractional pitch lag of the previous 

(1st or 3rd) sub frame 

S* (n) The windowed speech signal 

sjn ) The weighted speech signal 

s(n ) Reconstructed speech signal 

s'(n) The gain-scaled post-filtered signal 

s f(n ) Post-filtered speech signal (before scaling) 
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x(n) 

Xj(n)x' 2 

c(n) 
v(n) 

y(n)=v(n)*h{n) 

y*(n) 

u(n) 
«(«) 

*(*) 

Top 

'mm 
*max 

R(k) 

R(k), 

A* 
C k 

E Dk 

d = H'x, 
H 
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The target signal for adaptive codebook search 
The target signal for Fixed codebook search 

The LP residual signal 

The fixed codebook vector 

The adaptive codebook vector 

The filtered adaptive codebook vector 

The filtered fixed codebook vector 

The past filtered excitation 

The excitation signal 

The fully quantized excitation signal 

The gain-scaled emphasized excitation signal 

The best open-loop lag 

Minimum lag search value 
Maximum lag search value 

Correlation term to be maximized in the adaptive codebook 
search 

The interpolated value of R(k) for the integer delay k and 
fraction/ 

Correlation term to be maximized in the algebraic codebook 
search at index k 

The correlation in the numerator of A k at index k 
The energy in the denominator of A k at index k 

The correlation between the target signal x 2 (n) and the impulse 
response /r(n) , i.e., backward filtered target 

The lower triangular Toepliz convolution matrix with diagonal 
h(0) and lower diagonals h(\) A(39) 
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<D s H'H The matrix of correlations of A(w) 

d(n) The elements of the vector d 

The elements of the symmetric matrix O 

c A The innovation vector 

C The correlation in the numerator of A k 

m i The position of the i th pulse 

$. The amplitude of the i th pulse 

N 0 The number of pulses in the fixed codebook excitation 

Eft The energy in the denominator of A k 

res LTP {n) The normalized long-term prediction residual 

b(n) The sum of the nonnalized d(n) vector and normalized 

long-term prediction residual res L7 j>(n) 

s b (n) The sign signal for the algebraic codebook search 

z' , z(n) The fixed codebook vector convolved with h(n) 

E(n) The mean-removed innovation energy (in dB) 

E The mean of the innovation energy 

E(n ) The predicted energy 

[byb^bi b 4 ] The MA prediction coefficients 

R(k ) The quantized prediction error at subframe k 

E t The mean innovation energy 

R(n) The prediction error of the fixed-codebook gain quantization 

Eq The quantization error of the fixed-codebook gain quantization 

e(n) The states of the synthesis filter 1 / A(z) 
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ejn) 

7 
S, 
i t 
i, 
g, 
g f 

r* 

AGC 

AMR 

CELP 

C/I 

DTX 

EFR 

FIR 

FR 

HR 

LP 

LPC 

LSF 

LSF 
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The perceptually weighted error of the ahalysis-by-synthesis 
search 

The gain scaling factor for the emphasized excitation 

The fixed-codebook gain 

The predicted fixed-codebook gain 

The quantized fixed codebook gain 

The adaptive codebook gain 

The quantized adaptive codebook gain 

A correction factor between the gain g c and the estimated one 

i< 

The optimum value for 
Gain scaling factor 
Adaptive Gain Control 
Adaptive Multi Rate 
Code Excited Linear Prediction 
Carrier-to-Interferer ratio 
Discontinuous Transmission 
Enhanced Full Rate 
Finite Impulse Response 
Full Rate 
HalfRate 
Linear Prediction 
Linear Predictive Coding 
Line Spectral Frequency 
Line Spectral Pair 
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LTP Long Term Predictor (or Long Term Prediction) 

MA Moving Average 

TFO Tandem Free Operation 

VAD Voice Activity Detection 
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APPENDIX B 

Bit ordering (source coding) 



Bitorderin 


g of output bits from source encoder (1 1 kbitfel 


Bits 


Description 


U 


Index of TLSF stage 


7-12 


Index of 2 M LSF stage 


13-18 


Index of 3 N LSF stage 


19-24 


Index of 4- LSF stage 


25-28 


Index of 5" LSF stage 


29-32 


Index of adaptive codebook gain, 1" subframe 


J3-37 


Index of fixed codebook gain, I s subframe 


3841 


Index of adaptive codebook gain, 2" subframe 


42-46 


Index of fixed codebook gain, 2" subframe 


47-50 


Index of adaptive codebook gain, 3'° subframe 


51-55 


Index of fixed codebook pin, 3" subframe 


56-59 


Index of adaptive codebook gain, 4" subframe 


6044 


Index of fixed codebook gam, 4" subframe 


65-73 


Index of adaptive codebook, 1" subframe 


74-82 


Index of adaptive codebook, 3'° subframe • 


83-88 


Index of adaptive codebook (relative y, 2" subframe 


89-94 


Index of adaptive codebook (relative), 4" subframe 


95-94 


Index for LSF interpolation 


97-127 


Index for fixed codebook, 1" subframe 


128-158 


Index for fixed codebook, T" subframe 


159-189 


Index for fixed codebook, 3" subframe 


190-220 


Index for fixed codebook, 4" subframe 



BitordcnT] 


g of output bits from source encoder (8 Writ/i). 


Bits 


Description 


1-6 


Index of 1" LSF stage 


7-12 


Index of r LSF stage 


13-18 


Index of 3 n LSF stage 


19-24 


Index of 4" LSF stage 


25-31 


Index of fixed and adaptive codebook gains, T subframe 


3208 


Index of fixed and adaptive codebook gains, 2 M subframe 


39-45 


Index of fixed and adaptive codebook gains, 3" subframe 


46-51 


Index of fixed and adaptive codebook gains, 4 U subframe 


5346 


Index of adaptive codebook, I "subframe 




Index of adaptive codebook, 3" subframe 


u-n 


Index of adaptive codebook (relative), 2" subframe 




Index of adaptive codebook (relative), 4° subframe 




Index for L ct interpolation 


81-100 


Index for fiu. . codebook* 1 " subframe 


101-120 


Index for fixed codebook, 2" subframe 


121-140 


Index for fixed codebook, 3 M subframe 


141-160 


Index for fixed codebook. 4 1 * sub frame 
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Bit ordering of ouipul bits from source encoder (6.65 Wtft). 



Bits 




1-6 




7-12 


Index of 2™ LSF stage ——————— — ^— — — — 


13-18 


Index of 3" LSF stage — — — — _ 


19-24 




23-31 


Index of fixed and adaptive eodebook gains. 1 u sub frame 


32-38 




39-43 . 


index of fixed and adaptive eodebook gains, 3" subframe 


46-52 




33 


Index for mode (UP or PP) — 


LTPmode 




PPmode 


54^1 " 


Index cf adaptive eodebook, I * subframe 




index of pitch 


62-69 


Index of adaptive eodebook. 3 '"subframe 






70-74 


Index of adaptive eodebook (relative), 2" subframe 






75-79 


Index of adaptive eodebook (relative), 4" subframe 






80-81 






Index for LSF interpolation 


82-94 


Index for fixed eodebook, 1 J subframe 




Index for fixed eodebook, 1" subframe 


95-107 


index lor fixed eodebook, 2" subframe 




Index for fixed eodebook, 2" subfnme 


108-120 


Index for fixed eodebook, 3" subframe 




Index for fixed eodebook, 3" subfame 


121-133 


index for fixed eodebook, 4" subframe 




Index for fixed eodebook, 4 J subfnme 



Bit ordering of output bib from source encoder (3.8 kfait/l). 



Bits 


Description 


14 


Index o/l'lJr- stage 


M2 


Index of 2™ L$F stage 


13-18 


Index of 3" LSF stage 


14-24 


Index of4 B, LSF stage 


iUi 


Index of fixed and adaptive eodebook gains. 1 u subframe 




Index of fixed and adaptive eodebook gains. 2" subframe 


iUi 


Index of fixed and adaptive eodebook gams. 3 W sub/rune 


46-52 


Index of fixed and adapovc eodebook gams, 4" subframe 


53-60 


Index of pitch 


61-74 


Index for fixed eodebook, 1" subframe 


75-88 


Index for fixed eodebook, T° subfnme 


89-102 


Index for fixed eodebook. 3" subfnme 


93-116 


Index for fixed eodebook. 4" subfnme 



Bit ordering of output bits from source encoder (4.33 Wn/%), 



Bits 


Description 


14 


Index of 1- LSF stage 


7-12 


Index of 2" LSF stage 


13-18 


Index of 3 U LSF stage" 


19 


Index of predictor 


20-25 


Index of rued and adaptive eodebook gams, 1 " subfnme 


2<ttr 


Index of fixed and adaptive eodebook gams. 2" subfnme 


32-37 


Index of fixed and adaptive eodebook gains, 3" subframe 


38-43 


Index of fixed and adaptive eodebook garni, 4- subframe 


44-51 


Index of pitch 




Index for fixed eodebook. 1 " subfnme 


62-71 


Index for fixed eodebook. T subfrtme 


72-81 


Index for fixed eodebook, 3™ subfnme 


H4\ 


Index for fixed eodebook. 4" subfnme 
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APPENDIX C 

Bit ordering (channel coding) 

Ordering of bits according to subjective imporuncc (II kbit/s FRTCH). 



Bits, see table XXX 


Description 


1 


tsn-o 


2 


isn-i 


3 


lsfl-2 


4 


lsfl-3 


5 


lifl-4 


6 


lsfl-5 


7 


IsfH 


8 


W2-1 


9 


\sf2-l 


to 


liQ-3 


U 


tsO-4 


"n 


UQ-5 


Tr "■ 


pitch 14 


„ a — . 


pitch 1-1 


67 " 


pitcht-2 


"S 


pitch 1-3 




pitch M 


13 


pitch 1*5 





pitch34) 


is 


pitch3-l 


-ft 


pitdi3*2 


"77" 


pttch3-3 


78 


pttch3^ 


79 


niteh3>5 


29 


mlW) 
Br 1 ^ 


"JO"' 


BP 1 • 


38 


BP*^* 


"3?" 


Br* • 


47 


2D34 


"35 


Br' • 


■53 


gp4-0 


"fl 


gp4-| 


33 


RCl-0 


"j4 


gcl-1 


35 


gcl-2 


42 


gci-0 


'43 


gc2-l 


44 


ge2-i 


51 


gcJ4 


52 


gci-1 




■553 




gc44 


"61 " 


IcZI 


62 


gc4-2 


71 


pitch 1-6 


72 


pitch 1-7 


ft 


pitch 1-8 




pitch3<6 


81 


pitch3-7 


82 


pitch3-8 


83 


pttch2-0 


84 


pitch2-l 


45 


pitch! >2 


U 1 "' 


pitch2-3 


"if " ' - 


pittM-4 


88"- " ' 


pitch2-5 


'89 "- 


pitch4>0 


90 - 


pitcM-l 


"91 ' 


pttch4.2 


' 


pitch4-3 
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01 




04 




i \ 
1 J 


ISLH) 


14 


1*11 1 




ULW 


— 

10 


tcfl.1 


1 / 




IB 


ttl>0 


19 


Uf4-0 


20 


IS 14- 1 


21 


lsf4-2 


22 


W4-3 


23 


Uf4-4 


24 


tsf4-5 


25 


lifW) 


26 


U13-I 


27 


UI5-2 


28 


UJ5-3 


31 


gpl-2 


32 


gpl-3 


40 


gp2-2 


41 


gp2-3 


49 


*t? 


30 


B>3-3 


58 




59 


8P*-3 


36 


gel -3 


45 


gc2-3 


54 


rc3-3 


63 




97 


excl-0 


98 


excl-l 


99 


excl-2 


100 


excl-3 


101 


excl-4 


102 


excl-5 


103 


excl-6 


104 


cxcl*7 


105 


excl-8 


106 


excl-9 


107 


cxcl-10 


108 


exei-ll 


109 


excM2 


110 


excl-13 


111 


excl-14 


112 


excl-l 5 


in 


excl-16 


114 


cxcM7 


115 


excl-18 


116 


excl*19 


117 


exc! .:f> 


118 


exc*-. 


119 


exci^i 


120 


excl-23 


121 


excl-24 


122 


excl*25 


123 


excl-26 


124 


cxcl-27 


125 


etc 1*28 


*o 


CXC44J 


12* 


exc2-l 


lib 


excW 


lii 


CXG2-3 


Il2 


exc2-4 


13} 


exc2-5 


134 


exc2-6 


133 


exc2-7 


|B . 


mM 


\H 


exc2-9 
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138 


cxc2-10 


139 


exc2.1l 


140 


exc2-!2 


141 


CXC2-13 


142 


cxc2-l4 


143 


exc2-15 


144 


exc2-!6 


I4S 


cic2-17 


146 


cxc2-t8 


147 


exc2-19 


148 


exc2-20 


149 


exc2-2l 


156 


cxc2-22 


1S1 


cxc2-23 


152 


exc2*24 


153 


exc2-25 


\U 


exc2-26 


144 


exc2-27 


136 


cxc2-28 


139 


exc3-0 


160 


cxc3-l 


161 


exc3-2 


162 


exc3-3 


163 


exc3-4 


164 


exc3-5 


165" 


exc3-6 


166 


exc3-7 


167 


»c*4 


141 


txcJ-9 


16T" 


cxc3-10 


170 


eu3-ll 


171 


exc3-12 


ill 


exc3-!3 


lM 


exc3*U 


174 


ext3-l5 


\1i 


exc3-16 


176 1 


cxc3-17 


177 


exe3-l8 


\% 


exc3-l9 


179 


cxc3-20 


1*6 


exc3-2l 


181 


exc3-22 


182 


cxci-23 


183 


ext3-24 


184 


exc3-25 


185. ■ 


exc«6 


186 


cxcJ-27 


187 


exc3-28 


196 


uc+0 


141 


exo4-l 


192 


CXC4-2 


M 


cxdy 


194 


cxc4-4 


195 


CT04-5 


196 


exc4-6 


197 


exo4-7 


198 


ac4-8 


199 


exc4-9 


200 


exc4-IO 


201 


exc4-II 


202 


exc4-12 


203 


exc4.ll 


264 


txciU 


20i 


exc4-l5 


206 


cxc4-l6 


207 


exc4-I7 


26k 


e«4-l8 


209 


exc4-!9 


210 


exc4-20 
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211 




in 




"JIT 


cxc4*23 


Tii 


CXCW4 


-J73 — 


CXCWj 


ITS 


CXC4-20 


ITT 


6X04-27 


218 


cxc4*28 


■37— 




46 


ge2«4 


Jw 




64 


gc4-4 


126 


excl-29 


1* 


excl-30 


IS7 


exc2-29 


lis 


exc2-36 


188 


excJ-i9 ' 


189 ■ 


eicMO 


219 


CXC4-29 


220 


exc4-J0 


9J 


mierp-0 


9i 


iniop-l 
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Ordering of bits according to subjective importance (8.0 Icbit/$ FRTCHX 



Bits, see table XXX 


Description 


1 


lsfl-0 


2 


lsfl-1 


3 


lsfl-2 


4 


lsfl-3 


5 


UfM 


6 - 


un-s 


7 


W2-0 


8 


UfM 


9 




10 


iiti-i 


11 


1*12-4 


12 


UG-5 


25 


gain 1-0 


26 


gain I -1 


27 


gain 1*2 


28 


gain) *3 


29 


gain M 


32 


gain2<0 


33 


gain2-l 


34 


gam2-2 


35 


gam2-3 


36 


gain2-4 


39 


gaird-0 


40 


gam3-l 


41 


gatn>2 


42 


gai&3-3 


43 _ 


gain3-4 


46 


gain4-0 


47 


gain4-l 


48 


gain4*2 


49 


gam4-3 


SO 


gwn4-4 


S3 


pitch 1-0 


54 


pitchl-l 


55 


pitch 1-2 


56 


pitch! -3 


ii 


pitchM 


'58 " ' 


pitch 1-5 


61 


pitthJ-0 


62 


pttch3-l 


63 


piteh3-2 


64 


pitch3-3 


a 


pitchM 


66 


pitch3-S 


69 


pttch2-0 


*0 


pitcU-l 


7! 


pitth2-2 


74 


pitch-W) 


H 


pitcM-l 


ii 


pttch4-2 


ii 


IsG-O 


14 




is 


Tifl-i 


16 


"Bfl-1 


17 


IsfW 


18 


lsO-5 


30 


gain I -5 


37 


gatn2-5 


44 


gain3-5 


SI 


gatn4-5 


59 


pitch 1-6 


67 


pilchJ-6 


72 


pitch2*3 


77 


pttch4-3 


79 


tnterp-0 


80 


truerp-l 
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IT 
IT 

45 
32 
19 

ur 

21 
TT 
"S" 
"24" 

To™ 

"sr 

IT 

78 

fiT" 



IT 



nr 

"ST 



nr 



87 



89 



190 



91 



93 

rsr 



95 



101 



104 

15T 



108 



109 



ITT 



112 

7IT 



114 

ITT 



Tiff 



T7T 

120 
TIT 



122 



12) 



124 
15" 



126 



T3T 



ur 



13T 



131 



13T 



133 
13T 
T3T 



gain I 
garni -6 
gtin3-6 

\%m 
"EST" 
uRT" 
WT 

M4-4 

MET 
pitch )«7 
pitch3-7 
PjjchM 



cxcl«0 



ewTT 



cTT 



nr 



cTT" 



wtcl-6 



cxcJ-8 



excMO 



cxcMI 



ocl-12 



cul-13 



ocM5 



exel-16 



excl-18 



excl-19 



OC2-0 



ST 

exc2-2 



«c20 



eu2*5 



CK2-6 
«c2-7 



exci-8 



«c2-9 



cxc2-10 



cxc2.ll 



CXC2-I3 

■531T 



Ts^r 



C1C2-17 



cxc2-l8 



CK2-19 
exc3«0 



CXG3-3 



exc34 



53T 



EST 



excJT* 



exc3-ll 



exc3-l4 
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136 


exc3-l5 


137 


cxc3*16 


138 


excJ-17 


139 


excJ-18 


140 


exc3-!9 


141 


exc4-0 


142 


exc4-| 


143 


exc4-2 


144 


exc4-3 


145 


cxc4-4 


146 


exc4-5 


147 


exc4-6 


148 


cxc4-7 


149 


e«4-8 


150 


cxc4-9 


151 


«xc4-10 


152 


cxc4-l 1 


153 


exc4-I2 


154 


CXC4-13 


155 


exc4-14 


156 


CXC4-I5 


157 


cxc4-l6 


158 


cxc4-17 


159 


CXC4-18 


160 


cxc4-19 
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Ordering of bits according to subjective importance (6,63 kbit/s FRTCH). 



Bits sec table XXX 

Ullil a** UK) IE A/v\ 


ucscnpuon 


"54 — — 


pivcM) 




pttcfvl 


JO 


piicrw 


C7 

Jr 


piicn-j 


30 


pitch-4 




pitcno 


l 
1 


ISII4J 


A 


lill-l 


i 
3 






Ull-J 


■ ■ M 


isfM 


0 


ISJ1-3 


£J 


gain 14 


20 


gain 1 - 1 


27 


gain 1*2 


28 


gain 1*3 


32 


gtin2*0 


33 


gam2-l 


34 


gain2-2 


35 


gam2-3 


39 


gain3-0 


40 


gain3-l 


41 


g*ia3-2 


42 


gain30 


46 


gain4-0 


47 


gain4-l 


48 


gain4-2 


49 


gain4>3 


29 


giinM 


36 


gain2-4 


43 


gain3-4 


50 


gaiftM 


53 


mode-0 


98 


cxc3*0 piich-OfSecond subframe) 


99 


exc3*l pilch* 1 (Second subframe) 


7 


lifl-0 


8 


lsQ*l 


9 


lxQ-2 


10 


IsflO 


II 


1*12-4 


12 


UI7-5 


30 


gflinl-5 


37 


garn2-5 


44 


gain3-5 


51 


gain4-5 


62 


ckI-0 piich-OfThird subframe) 


63 


cxcl-l pitch-KThird subframe) 


64 


excl-2 pitch-2(Tnmi subframe) 


65 


exclO pitcb*3<Thiid subframe) 


66 


excM pitch-4fThird subframe) 


80 


exc2-0 pitch-SOnin] subframe) 


100 


exc3-2 pitch*2(Second subframe) 


116 


exc4-0 pitcb-0(Founh subframe) 


1 17 


cxc4-l pitch- KKoimh subframe) 


118 


exc4-2 pitch-2fFcunh subframe) 


[J 




14 " - 


isti-i " " - 


m 




16 


WW 


\1 


lsl>4 


18 


tsfl-5 ' " 


l9 — - " 


W4-0 


26 


M 


21' 


sf±2 


22 I 


M4-3 




:xcl*5excl<ltp) 


a - ■ - i 


xcl-6 excl(ltp) 



94 



BNSOOOD: <WO_0D1 1BS5A t_IA> 



SUBSTITUTE SHEET (RULE 26) 



WO 00/1 1 655 



PCT/US99/19I35 



69 


cxcl-7 cxcl(ltp) 


70 


exel-8excl(ltp) 


71 


exel-9excl(ltp) 


72 


cxcl-10 


81 


e«2-l exc2(ltp) 


82 


«xc2-2 exc2{ltp) 


83 


exc2-3 exc2(ltp) 


84 


exc2-4 exc2(ltp) 


85 


exc2-5 exc2(ltp) 


86 


cxc2-6 exc20tp) 


87 


exc2-7 


88 


exc2-8 


89 


exc2-9 


90 


excMO 


101 


cxc3-3 cxc3(ltp) 


102 


exc34exc3(lip) 


Itt 


exc3-5 cxc3(ltp) 


104 


exc3-6 exc3(ttp) 


105 


cxcJ-7 exc3(ltp) 


106 


exc34 


icrt 


cxc3-9 


108 


exeJ-IO 


119 


cxc4-3 exc4(ltp) 


120 


exc4-4 exc4(ltp) 


I2t 


cxc4-5 exc4(t(p) 


132 


exc4-6 cxc4(ttp) 


1*3 


cxc4-7 exc4fltp) 


\U 


exc4* 


125 


cxc4-9 


ii* 


cxc4-10 


73 


excMl 


*l 


cxc2.ll 


109 


exc3-li 


137 


exc4.ll 


74 


ewW2 


92 


cxc2*12 


110 


exc3-li 


l» 


cxo4-12 




pitch-6 




pitch*? 




lsf4-4 


24 


1*14-5 


75 


excM3 


93 


exc2-13 


111 


exc3-l3 


129 


cxc4-13 


31 


gam 1-6 


ii 


gara2-6 


45 


gain3-6 


52 


gah>4-6 


76 


cxcl-14 


77 


cxcl-15 


94 


exc2.|4 


95 


exc2-l5 


113 


CXC3-14 


113 


»c3-l5 


130 


cxc4-l4 


131 


exc4*l5 


7i 


cxcl-16 


96 


CXC2-I6 


114 


cxU-16 


Il3 


exc4*16 


a 




■w 


CXC2-I7 


ui 


exc3-l7 


ii3 


exc4-17 
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Ordering 0 f frfo according to objective importance (5.8 kbit/s FRTCH). 



Bits, tee table XXX 



IT 



29 



33 



34 

fir 



TT 



40 

7T 



TT 



1T 



48 



50 

ur 

17" 

— 

IT 

ir 



IT 



TT 

r 
fir 



Description 



pitch-0 



pitch- 1 



piich»2 



pitth-3 



pitcM 



pitch-5 



TZnT 



IsfM 



T353T 



553" 



"053" 



E5X" 



gunl-0 
gimM 



gtml-2 



gunl-3 



gtinl-4 



gtin2«0 



gam2-l 



gim2-2 



gain2-3 
gain2-4 



gam3-0 
gam3-1 



gtm3»2 
g»m30 



gtm^4 



g«in4-0 



gatn4-2 



gtm4-3 



gain! -5 
gain2-3 
gim3-5 
gam4-5 
UO-0 

igr 

TS3— 

bO-3 

b&4 

ltto-5 

pitcn-6 

wtch-7 

if4-0 

TO — 

Uf4-2 

— 

TTO — 

ltf4-5 
pin I -6 
gim2-6 
gain3-6 
gain4-6 

e«2-0 
exc3-0 ' 
exc4-0 

TT — 
T5 — 
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64 


etc 1-3 


65 


cxcM 


66 


excl-5 


* 67 


excl<6 


68 


excl*7 


69 


CXCI*o 


7ft 

tv 


cxcl-9 


71 


excl-IO 


72 


excM 1 


7J 


exci-ii 


7$ 


cxci-u 


76 


cxc2*l 


77 


cxci-2 


78 


exc2-3 


79 


exc2<4 


80 
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CLAIMS 

I claim: 

1 . A speech codec using a system of codebook vectors as an excitation signal in 
speech coding, the speech encoder comprising: 

a first codebook comprising a first plurality of codevectors, each of the 
plurality of codevectors defining a plurality of pulses; and 

an encoder processing circuit, coupled to the first codebook, that rearranges 
the plurality of pulses in each of the plurality of codevectors to generate a second plurality of 
codevectors. 

2. The speech codec of claim 1 wherein the plurality of pulses are rearranged by 
shifting. 

3. The speech codec of claim 1 wherein the second plurality of codevectors are 
specified by shifting at least two pulses at a time. 

4. The speech codec of claim 1 wherein the second plurality of codevectors are 
specified through random population. 

5. The speech codec of claim 1 wherein at least one of the first plurality of 
codevectors is normalized to an energy level of one. 

6. A method used by a speech encoder, the method compnsing: 

selecting a plurality of codebooks comprising a plurality of codevectors,. and 
comprising a plurality of pulses; and 
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generating a plurality of additional codevectors by operating on at least oneof 
the plurality of codevectors. 

7. The method of claim 6 wherein the codevectors each are set to a normalized 
energy level of one. 

8. The method of any of claims 6 and 7 further comprising shifting at least one of 
the plurality of pulses. 

9. The speech codec of any of claims 6 and 7 wherein the operation involves 
rearranged by shifting. 

10. The speech codec of any of claims 6 and 7 wherein the operation involves 
shifting at least two pulses at a time. 

11. The speech codec of any of claims 6 and 7 wherein the operation involves 
random population. 
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